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Phycocyanin is an important natural blue photosynthetic accessory protemmophore complex
expressed by classes of cyanobacteria and Rhodophyta. This protein finds significant use in the food
manufacturing industry as the only natural blue colour witbbgl 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 andlight, a direct consequence of the narrow ecological niche of the organism it is currently

produced at scale fronArthrospira platensis

Our research focuses on production of phycocyanin from the thermoacidophilic Rhoddphligteria
sulphurarig which dsplays 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°&nd 55
and represent ® a dzf Lékadabidalmikhe.Q a

Important process charactistics are exemplified in this research in order to generate very high cell
densities and phycocyanin productivities, above 40¢'.day* and 1.7 g.E.day! respectively, more

than double the previously reported highs. Oxygen saturation during -semd 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 ingaliions on production are investigated, along with

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

These technigues are successfully applied to abundant problematic industrial waste stceams
unrefinedbiodiesetderived glycerol and lignocellulosic biomass, harnessing the extremophilic nature

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

Learnings from the development and-liwuse fabrication of specialideequipment 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,-dhégisity, high

productivity algal cultivation.
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Chapter1- LYUNR2RdAzOU A 2Y

1.1 Microalgae as b#producers
Microalgae represent metabolically diverse group of unicellular organisms within the Archaeplastida

with species classified in red algRhodophyta) and green algéChlorophyta)and brown algal
(Chromophyta)and Chryptophytadivisions (Adl et al., 2005)These distinct phyla are primarily
categorised by their pigmentation: Green algae produce chlorophydisd b; brown algae produce
chlorophylla and caraenoids; whilst red algae present chlorophydlandd, as well as a mixture of
the phycobiliproteins ghycocyanin, allophycocyanin an@hycoerythrin  Cyanidophyceae
categorises most of the known extremophilic red algae, sharing a common ancestragklinith
other Rhodophyta only up to around 1 billion years @goon 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 andriglent livestock
feeds(Hallenbeck eal., 2016, Popp et al., 201&) the direct extracion of the high-value pigments
expressed by many speci@2erezGarciaet 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 pondstyle bioreactors. Whilst cheap to set up angecate, outdoor reactors fall host to a
range of technical problems including contamination issues, temperature control, and reliance on
weather conditiongDel Campo et al., 2007Enclosed 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 scalal§{ligrvalho 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 gasgous CO
promotes improved growth ratesmprovedlipid and pignent 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 requiremerfMoralesSanchez et al., 2015pPnly a select few microalgal
species groveffectivelyin this mannethowever,limiting the potential products capable of providing

an investment returnMany desirable pigmentgay often have reduakexpression if algal cells are

not grown autotrophically, although some more recent commercial strategies seek to exploit this
effect (Algenuity, 2020)Requirements fomore costlymediums containing a suitable carbon source,

competition from welestablished bacterial industrial production schemes that haxgertise
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heritagein biotech companies, and providing fewer environmental benefits in reducing atmospheric

CQ levelsrepresent just someof the considerations for choosing autotrophic or heterotrophic

processes.

This review will focus oBaldieria sulphurarias a candidate for industrial biotechnological (IB) use,

with particular attention to its diverse growth and pigment production dzifites.
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1.2 Introduction toGaldieria sulphuraria
Galdieriais one of three genera (witByanidiumand Cyanidioschyzqin the Rhodophyta subphylum,

class Cyanidiophyceae all of which are found in extreme ecological niches: the organism grows
optimally athigh temperatures up to 5& and low pH down to O(&ross and Schnarrenberger, 1995,
Gross et al.,, 1998)In these environmentsSaldieria sulphurarisemerges as the predominant
inhabitant thanks to its adapte metabolism facilitating both photoautivophic and heterctrophic
growth under appropriate condition&ross and Schnarrenberger, 1999prphologically Galdieria

is a tough, spherical, nemotile alga 510 um in diameter possessing a strong cell wall, and as such it
settles rapidly to the bottom of aquatic environments aodn also commonly be found growing
endolithically in the porous igneous rock of volcanic environmdfitaifel.2-1) (Ciniglia et b, 2014)

Whilst the organism has the capability for photoautotroplitymainly 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 sim@agar alcohols, hexose and pentose sugars, organic acids, short
peptides, component amino acids and ammonium ions. Indeedldieriahas been shown to
successfully utilise at least 50 different carbon substrates during heterotrophic growth at this time
(Gross and Schnarrenberger, 1995, Oesterhelt et al., 1@39}issolves poorly in aqueosslutions

at low pHvaluesfurther driving adaptation towardstilising organic growth substrategZosel et al.,
2011)

Resistance to contamination, diverse growth options, greater yields compared to lone
photoautotrophic growth and resiance to high shear forces provide a strong initial case for the use

of Galdieriain an IB context.

o

Figurel.2-1 - Endolithic grthh ofGaIdlerlé sulphurarla

Landmannalaugar of Hekla, southeastern Iceland. Adapted {@miglia et al., 2004)
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1.2.a Genomic aspects @aldierisand extreme adaptability
Two complimentary genomic mechanisms are currently thought to have contributed to the success of

Galderiaas a highly metabolically adaptable and extremophilic alga: evidence that 5% of its genome
has originatedvia horizontal gene transfer (HGT) from extremophilic bact¢Bahdnknecht et al.,
2013) and a highly reduced mitogenome displaying the highest guaniysteine skw and
substitution rate of any known eukaryofdain et al., 2015 able 1.2 outlines the genes/gene families

most likely to have been acquireih HGT. Indeed many diie genes in question contribute directly

to Galdieriddd SEGNBY2LIKATAO ylI (Gdz2NB +a ¢Sttt & AYLINBaah

adenosine triphosphatases from thermophilic archaea and nutrient transporter systems from bacteria
and fungi(Schonknecht et al., 2013Jain et al suggest that the extreme environmigself contributes

to Galdierid@a I RF LI GA2y® wSEtAlFIyOS | yR gddkRagrdwd I Ra
heterotrophically in combination with hot conditions are suggested to present a genomic stress on
the mitogenome(Jain et al., 2015)t 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 acidsaldieria diverged from the other members of

Cyanidiophyceat billion years agfYoon et al., 2004)

1.2.b Galdieriaas a product source
In terms of its use as an IB organisaaldieriahas mainly been investigated for use as a food source

and a producer of the pigmemthycocyaninGaldieriais poorly suited for biodiesel productianipid
content is reportedly 1.1% for autivophic cultures and 1.4% for hetetoophic cultures(Graziani et

al., 2013) 70-80% lipid content is generally aimed for in terms of relevance for biodgselucing
microalgae(Hannon et al., 20100ther compositional elements represented wereZ3% protein,
63-69% carbohydrates of vith 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 applicatiofiBegum et al., 2016)n terms ofRhodophyta, the key
differentiation to other clades is the psence of phycobilisomes containing the red and blue
respective pigmentsphycoerythrin (typically from Phorphyridium cruentuin and phycocyanin
(typically from the cyanobacteriurArthrospira platensijs Galdieriaalso producegphycocyanin and
allophycocyaninwith a preference towards phycocyanin (discussed further in section(Grdyiani

et al., 2013) This blue, water soluble, food safe, apxidant protein has numerous uses in the
biotechnology and nutritional sectoréEriksen, 2008)Phycocyanin has a sharp excitatemission
spectrum €609 nm,<.m643 nm) making it suitable for confocal microscopy work @riging a high
price at higher purities: at the time of writing the cost of 1 mg phycocyanin at a concentration of 10

mg.mL*is £111.50 when obtained from Sigrddrich, 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 Halophilic Facilitates production of compatible solute betaine

Acid tolerance

Acid tolerance

Toxic metal tolerance
Toxic metal tolerance

Metabolic adaptability

Acetate utilisation
Amino acid uptake
Glyerol utilisation

Glyerolutilisation

External nutrient
scavenging

External nutrient
scavenging

methyltransferase

Only one voltaggyated ion channel

Expanded intracellular chloride channe

family

Arsenical membrane protein pumprsB

Mercuric reductase

Acetatepermeases

Amino acid;polyamine;organocation

transporters

Glycerol dehydrogenase(3 copies)

Glycerol uptake facilitatas (5 copies)

Aspartyl protease

Gucoamylases

cyanobacteria

Thermoacidophilic
bacteria

Proteobacteria

Bacteria
Thermoacidophilic
archaea

Various

Various
Bacteria/fungi

Bacteria/fungi

Thought tocontribute to highly reduced proton
permeability of the membrane

This family of chloride transporters are impermeable 1
protons

Facilitates biotransformation of geothermal arsenic

Reduces toxic Hg2+ ions into metallic mercury

Produces dihydroxyacetone for entry into glycolysis

Excreted and cleav@peptide bondwoptimallyat low pH

Excreted andacilitates polysaccharide degradation

Table 1.2¢ Horizontal gene transfer ifaldieria sulphuraria Adapted from(Schénknecht eal., 2013)
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1.3 Phycocyanin as a valuable target
1.3.a Introduction to phycocyanin

Phycocyanin (€C) is a type of lightarvesting protein utilised only by cyanobacteria &wdophyta
species known as a phycobiliprotein, of which many are arranged intrachludeo supramolecular
complexes known as phycobilisom@acColl, 1998)in many eukaryotiautotrophs phycobilisomes
contain a range of phycobiliprotein subtypes to complement chlorophyll: phycoerythrREJC
phycocyaninand allophycocyanin ¢RC) absorb radiation optimally at wavelengths of 540, 620 and
652 nm respedtely as a consequence of the specific chromophore content of the protein, either
phycocyanobilin or phycoerythrobili{Eriksen, 2008) These pigmenprotein complexes are

assaiated with the surface of the chloroplast intracellulariydaldieria(Figurel.3-5)

Phycobiliprotein chromophores are linear tetrapyrroles sharingblogy with bilirubin Figurel.3-1),

a breakdown product of haerfBrown et al., 1989)As such the biosynthetic regulatory controls are
shared with chlorophylls up to protoporphrinogen IX, a step with a key oxygen requirgiffeualson,
1976)due tocoproporphyrinogen Ill oxidaséndeed recent work ialdieriaattributed inhibition of
phycocyanirproduction to reduced oxygen availabil{tgarian et al., 2016)nRhodophyta, the genes
cpd andcpd encode the'- andi - chains ofphycocyanirwhich fix the central chromophore and are
found adjacently on the plastid genonf®hta et al., 2003, Jain et al., 201%hese genes have light
respons$ve elements(Zhang and Lu, 200%yoviding inherent control applicable to the translated

product.

3 phycocyanobilin chromophores are covalently bonded to each of thgrionomers, for a total of
18 chromophores per phycocyanin molec(Fggurel.3-1, Figurel.3-2). Alpha and beta strands of the
monomer are held together mostly between the interaction of the X and Y Ideéigsire1.3-2, 3)

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

substitutions of smaller from larger amino ac{dablel.3-1,Figurel.3-3), lead to a closer linkiathe

HG
Figurel.3-1 - Blue coloured chromophore

phycocyanobilin

18 phycocyanobilin molecules (left) are covalen
bonded to they g hexamer (3 per monomer) tha
forms phycocyanin
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X and Y loops of the alpha and beta subunits ofittfmonomer by 1.5, and is suggested to improve

the stability of the final phycocyanin complétec et al., 1999)

Figurel.3-2 - Phycocyanin subunit structure

1. & rmonomer of phycocyanin
2. o [s hexamer of phycocyanin
3. Stereoscopic plot of phycocyanjnr
monomer adapted from{Schirmer et al.,
1985) Helices are represented by
AUl ET AAOO AT A AAOACT OEOAZ
OOAOT EOQ AT-dubuhit) lettdrs
The three phycocyanobilin chromophor:
are marked by PCB annotation
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Tablel.3-1 - Key substitutions of the phycocyanin alpha subuhitoy inGaldieriacompared to
Arthrospira platensis

Arthrospira platensis Phe? Phet Gln®
Galdieria Asrt8 TypP? Arg’®
105 208 30R 40A
H|DSASNI|DEASNS_ ARTPN/-162 LITEAVS | ADs STEI@vAFBRF ROAKRG KALTEKAD
HMZXXWOIM2XXWO_GALSLI-162 | | AARBN NTELBAVNERYCRAARS RSLTENAQ
Lupas_27 - - - - v v o o e e e e e e e e e e e e e e e e
Lupas_1% - - - - - Xloop ™~ Yleop =~
Lupas_28 - - - - - o - o e e e e e e e e e e e e e i e e e e

inetpred =N

Figurel.3-3 - Alignment of the first 50 amino acids of the phycocyanin alpha subunit in
Galdieriaand Arthrospira platensis

Reference proteomes were accessed on Uniprot and alignment of the alpha subunits perfc
using FCoffee(Notredame et al., 200QBaldieria M2XXWO0_GALSU, Proteome identifier
UP000030680Arthrospira DSAS5N9_ARTPN, Proteome identifis?f000006808 The X and Y
loops are annotated.

Across organisms that synthesigkycocyaninin general low light intensity promotes intracellular
accumulation whilst production is inhibited at higher intensitigsang and Lu, 2005, Chaneva et al.,
2007, Sloth et al., 2006Reported data remains conflicting f@aldieria with optimal phycocyaim
specific productivity demonstrated at 8@mol.n?.s? (20 mg.d), severely inhibited beyond 200
umol.m?.st (Sloth et al., 2006)whilst a recent widy utilised 250umol.n¥.s?, for a phycocyanin
concentration of 13.2%, however including 5% &Q VVM(Wan et al., 2016)

Phycocyaninand other phycobiliprotiens are suggested to be key nitrogen storage compounds for
cyanobacteria and rhodophyta due to their intracellular abundaiegksen, 2008)Iindeed, uder
nitrogen limited conditions specifiphycocyaninconcentrations are found to decrease in both
cyanobacterigAllen and Smith, 196@ndGaldieria(Sloth et al., 2006, Selvaratnam et al., 2014, Sloth

et al., 2017) Phycobilisomes display intracellular motility to external light sourcepaas of an
efficient lightharvesting process in many red algal spe¢kana et al., 2014, Ueno et al., 2015)
howeverGaldieriaand other thermophilic algae have no phycobilisome maotility, further suggesting
the antenna complexes are used primarily as storage rather than energy gathering apparatus. This
lack of motility may have an fefct of stabilising the phycobilisome complexes of thermophiles in

particular: A. platensigphycocyaninhas a poor tolerance to high temperatures, a characteristic of
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particular concern during downstream extraction and purification techniques often imgpblying

of wet biomass(Oliveira et al., 2008)Any temperature above 4C was sufficient to degrada.
platensisphycocyaninwith 30 minutes at 59C leading to 50% degradati¢@haiklahan et al., 2012)
ConverselyGaldieriaphycocyaninhas been demonstrated to retain its stability up to°6gFigure
1.3-4) (Moon et al, 2014) More recent studies have indicated increased specific productivityR€ C
at lower Galdieriaculture temperatures of 25 and 3@ although at the expense of reduced growth
rates(Sloth et al., 2017)

In terms of nitrogen sources, ammonium sulphate is reported for cultivatioGaltlieriaalmost
exclusively under auto hetero, and mixetrophic conditions(Allen, 1959, Allen and Smith, 1969,
Gross and Schnarrenberger, 1995, Schmidt et al., 2005, Wan et al., R@téht evidence suggests
the capability to utilise amino acids as a sole nitrogen source, althoughtlgramd phycocyanin
production rates were low, only improved by supplementation of ammonium into the me¢Blath

et al., 2017)Indeed 28 putave sequences of amino acid transporters are observed in the genome of
strain SAG 107.7@Davis et al.,, 2016)Galdieriamay have a requimaent beyond nutrition for
ammonium in terms of its obligate acidophitiature (Schonknecht et al., 20133 mmonium uptake
transporters are now widely accepted to function as ammonia gas pores, wherein the meduim NH
is deprotonated to NEl(considered gaseous in solution dte high vapour pressure), facilitatedly
diffused across the membrane and reprotonatédang et al., 2007, Lamoureux et al., 20149
Galdieriais known to acidify the environment during growtfOesterhelt 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 compounelg. (

—
S e

o

Figurel.3-4 - Exposure to excessive temperature degrades phycocyanin

Loss ofGaldieria sulphurariphycocyanin stability at higher tgperatures leads to pigment
degradation Adapted from(Moon et al., 2014)
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phycocyanii may act to counteract the potential depletion of intracddr protons that have been

guenched into ammonium ions.

Organic carbon substrate is also known to affphiycocyaninproduction in Galdieria D-glucose
represses the formation of photosynthetic apparatusialdieria partita(Stadnichuk et al., 199&nd
was initially thought to also havenanhibitory effect on the porphyrin pathway ebproporphyrinogen

Ill oxidase although this is now attributed to oxygen limitatid®arian et al., 2016)Jn terms of
chlorophyll repression, glycerol,-gducose and Bxylose are most highly repressed whilst xylitol,
dulcitol and adenitol heterotrophic cultures in the dark had lowest repression of 27 substietted
(Gross and Schnarrenberger, 1998)dditionally a strong ceoelation between chlorophyll and
phycocyanincontent was reportedGrossand Schnarrenberger, 1995fhis is supported by later
bioreactor/pilot scale studies wherein initial low specjfltycocyanirconcentrations are observed, in
accordance with high medium carbon substrates, subsequently increasing as growth leadsctairedu
organic carbon substrate concentrations in the medi(®ioth et al., 2006, Graverholt and Eriksen,
2007)
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1.3.b Phycocyanin production {Baldieria sulphuraria
Galdieriais reported to have been successfully cultivated in as diverse conditions as its metabolic

propensity suggesisas well as a wide range of scales including solid une{fsraverholt and Eriksen,
2007, Davis etlg 2016, Sloth et al., 201725500 mL in flaskGross and Schnarrenberger, 1995,
Minoda et al., 2004, Sloth et al., 2017)0-3.5 L in pilot scale bioreactors including batch, fed batch
and continuous modes of operatid@chmidt et al., 2005, Sloth et al., 2006, Graverholt and Eriksen,
2007, Baer et al.,@®.6, Wan et al., 2016and in an outdooenclosed bioreactor 100 L culture volume
per n? land area(Selvaratnam et al., 2014Yable 1.3-2 provides an overview ophycocyanin
production and growth oGaldieriaas well as includingrthrospira platensigspirulina) for comparison
as it is the currenutilised industrial organism fgohycocyanirproduction. Highdensity (defined as
above 50 g.tdry cell weight) cell cultures have been reportedsialdieriawith the current maximum
reaching 109 g:tdry cell weight following fed batch heterotrophaultivation on Dglucose in the
dark, and a total substrate of 310 g.added over the course of 17 dagGraverholt and Eriksen,
2007) Furthermore this corresponded to the highest concentratioploycocyanimproduced in any
organism at 2.9 glor 0.473 g.L.day’. Outdoor industrial scale cultures Af plaensisreport daily
productivities ofphycocyanirto range from 0.003 to 0.024 dtiday* (Pushparaj et al., 1997, Jimenez
et al., 2003)

Figurel.3-5 - Confocal microscopy image @aldieriagrown in liquid culture

Galdieriawas grown in liquid culture with 260 mM glycerol as a carbon source. Red fluoresce
identifies intracellular @C assoated with the thylakoid membrane of the chloroplast. Credit: [
Ewald Hettema
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nght Pc—pc
Culture intensity ol (mg.L Yepeix
Organism/ Trophic  Carbon Scale period 0> Y 2E ¢ (day Px (g.L Xeina lday (mg.g
strain Scale state source (L) (Days) 9 S@LY) Y Ldayh) (@Y Yes 9 D) Ref.
(Jimenez
Open pond, Auto- 135,00 et al.,
A. platensis Continuous  trophic - 0 365 Sunlight - 0.05 - - 294 588  2003)
G. sulphuraria Bioreactor, Auto- 3% CQ 100; RGB (Baer et
SAG 108.79  Continuous trophic L.min? 0.7 11 60:0:40% - n.d. 0.262 n.d. - 499 19.0 al., 2019
G. sulphuraria Bioreactor, Hetero (Graverh
074GG1 Fedbatch trophic D-Glucose 1225 8 - 50;500 <0.6 141 109 0.41 473 26.7 ot and
Eriksen,
_ _ 2007)
G. sulphuaria Bioreactor, Hetero 50; 50 - 24.4 163
074GG2 Continuous trophic D-Glucose 2.5 17 - 150 0.6 14.650 83.3 043 861 15.6
(Chen
and
Bioreactor,  Mixo- 2.00 ; Zhang,
A. platensis Fedbatch trophic D-Glucose 2.5 12.5 80-160 100 n.d. 0.816 10.2 nd. 87 125 1997)
Food waste
G. sulphuraria Mixo- hydrolysate; (Sloth et
074G Flask trophic D-glucose 0.15 7 20-30 5.00 1.22 n.d. 275 055 n.d. 3.00 al., 2017)
Glucose,
G. sulphuraria Bioreactor, Mixo- fructose, 1.01- 72 0.46 8.00  (Sloth et
074G Batch trophic sucrose 25 10 3050 5;5500 1.1 n.d. 100 0.54 nd. 18.0  al.,, 2006)
(Selvarat
G. sulphuraria Outdoor Mixo- Urban Sunlight nam et
CCMEE 5587.. bioreactor trophic wastewater 100 60 14:10 n.d. n.d. 0.165 2.5 nd. n.d. n.d. al., 2014)

Tablel.3-2 - Production of phycocyanin ifsaldieria sulphuraria

S initial substrate concentration of batch phase; fedtch phasey specific growth ratePx biomass productivityXrinafinal biomass concentratior¥ysyield
of biomass on substrat®:pcproducivity of phycocyaninYcec/ixspecific phycocyanin yield. Cyanobacteriéirthrospira platensiss the current organism usec
for industrial production of @C for comparison. Cells highlighted in bold represent the highest reported value for the corregpasldmn metric.
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1.3.c Unique growth aspects @aldieria
Industrial processes ideally use high substrate and product concentrations in order to reduce process

volumes and capital cost&aldieriahas been demonstrated to tolerate bohigh substrate and salt
concentrations with no impact on growth rate up to 166 gglucose (0.9 M) and 22 ¢.ammonium
sulphate (0.17 M) in batch cultu{&chmidt et al., 2005High levels of anions were also not found to
have an effect on growth rate, witisaldieriasustaining at medium concentrations @&f % v/v
concentrated nitric, hydrochloric and phosphoric acid adjusted to pHRaVis et al., 2016)t is
proposed that the acidophilic nature contributes heavily to anion and cation tolerance in two modes:
ionic impameability of the cell membrane and a passive effect of the mainly sulphur containing

natural environment complexing with toxic spec{@opson 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 metabolisrtomplete oxidation

of growth substrates and wasteful secretion of intermediate metabolites) gprbguct formation

with any organic substrate under high concentration conditi@@soss and Schnarrenberger, 1995,
Schmid et al., 2005, Graverholt and Eriksen, 20@Yyerflow 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 Escherichia calihcluding computational, mutant generation

and metabolic engineering strategi@semuri et al., 2006, GroR3kopf et al., 2016)
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1.4 Growth kinetics

1.4.a Batch knetics
Growth kinetics of a unicellular organism in a bioreactor are now well undergocin, 2013a)ln

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. Thesnclude, but are not limited to: availability of growth substrates including
carbon and nitrogen sources; an environmental osmotic potential relevant to the organism; a
(relatively stable) appropriate temperature; access to additional requirements &ialnolism, 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 conditionsgrowth may be described in terms of phases andgpecific growth ratez (T%).

Alag phase proceeds initially, characterised by no increase in biomass find 9>n.x as the cells
respond to the new environmental conditions following inoculation by altering enzyme regulation.
Logphase follows, andells grow in an exponential manner due to binary fission>nax duringlog
phase and the value will depend on the organism and exact cultivation conditioresy be calculated
during exponential phase growth as the change in the natural logarithm of biomassPhegeen

two time points (equation 1a).

A} \ kA n
U EW. W,
[ 1 4 1 4 14 \ rr \ I
On o wp&ds € & &
QN € &€ QDO I0OD o WEET OME O
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 componentseehg 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 thestationaryphase ¢ f n2). Instationaryphase cells survive by utilising internaleegy

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

the cell population will decline known as tdeathphase.
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1.4.b 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. Asemi continuous (also known &sd-batch) growth paradigm aims to overcome these
SFFSOGA o0& IRRAY3 ySg ydziNASydGa o6aFSSReO Ayi?z2
prolong thelog growth phase and enabling much higher productivities than a batch proEepsé

1.41).

8B & N8
Y80

Equationl.4b demonstrates the exponential feeding equation for serantinuous cultivations that

0on 6 & p&B €0

use heterotrophic carbon sources. The feed ratl. Eay'), is calculatedy determining the initial
quantity of cells ¥(g.L%) in a bioreactor of volume V (L), dataking its product of the initial timeyt
(days) and the growth ratg (day?). This is multiplied bg to the power of the growth rateu (day?)
multiplied by the elapsed time sinceWas determined t (days). The resultant is divided by the product

of the substrate concentration in the feed (8.L), and the yield of biomass on substrates¥g.g?).

— Fed-batch process

bioreactor A penicillin production with glucose feed B
o — [
=, 160 - |
_|_| g -
_ —] 120 1 penicillin
substrate —L1 £ . -50
reservoir g 801 -40 £
feedback : E 4 L 30 -%
control®* ! £ 40- biomass -20 92—
i S B Er
sensor/detector o—F——r7+ 777770 =Su=
24 72 128 168
*e.g., by weight time [h]

Figurel.4-1 - Production of penicillin in a sergontinuous (fedbatch) cultivation

A ¢ Feed containing growth substrates is added to the main reactor chamber, at a rate either
defined or subject to a feedback control such as biomass concentration, pH, v@gwebatch
phase occurs up to 72 hours befdre addition of a glucoskased feed on an exponential basis.
secondag phase occurs after the biomastationaryphase following glucose addition, and the c
opt to continue to produce penicillin in favour of biomass until 128 hours, allowing dystage of
penicillin production at a relatively low level of (unwanted) biomass (Adapted (Bohmid et al.,
2016).
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The most useful application of this equation is in setting an experimatarmined growth rate.

Under batch conditionsas described, growth will pceed duringog phase at thgumax0f 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 takeguiggly and
metabolisel bythecebd ¢ 2 NBIF OK d KA I K OSBoimass)RtBetadmedineréasingly o 2 9 S
important to have greater control over the cultivation process, as under these conditions mass
transport (of both oxygen / carbon dioxide and nutrients to / frime cells) limitations may also come

into effect. As growth rate limiters arise, our ability to predict future biomass concentrations and
requirements of feed ratess impaired. Incorrect calculations of feed rates will have much more
dramatic consequenceon 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. @tdsoncentrations would
increase at a different rate to the biomass, and could become inhibiting if left unchecked, léading

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

Equationl.4b allows us to introduce limitations in the system ourselves, in a controllable manner.
Growth ratep is selected, not measured, for this equation. By choosing a rate much hbbkw
maximum(e.g. Y4imay), We ensure carbon substrate (feed) is always limjtangd 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.

1.4.c Continuous cultivation
The kinetics of continuous cultivations are much more simpéda tihat of batch or feeébatch 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 condiEanse
1.4-2). The most important parameter of a continuous cultivation is the dilution rate, DY{desich
describes the relationship between the rate at which feed medisffowinginto a bioreactor, and
cellsare flowing out (both rates of which are the samé),(L.day), and the total volume of the

bioreactor, V (L{Equation 1.4c)
on 6 & &t ¢ O -

As such, the dilution rateepreserts the amount of the total volume that has changeder 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 b®owmgentration
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will be reached. The mechanism to this is similar to that applied in-sentinuous cultivationg if

one keeps the feed carbon concentration below the product of maximum supported biomass for the
system (Xay divided by the yield of bioass on substrate £¥), the dilution rate acts as the growth

rate 1. Cel 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 alsoréasing 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, equalex

Typically, a steady state is said to be reached onceithradss concentration in the reactor becomes
stable during continuous flow condition&s mentioned, this is determined by thgsrallowing us to
predictively calculate the steady state biomass concentration with equation 1.4d, wherein the
difference betveen the substrate concentration entering and leaving the bioreactor is multiplied by

the yield.

Oon o wpg&r ¢ W Y Y 8

Feed stream Product stream
F A F

X

5 £l
4

Pi

\__> Figurel.4-2 - Process parameters of a
continuous stirred tank reactor cultivatio

1 - A determined flow rate F, of medit
containing an initial biomass concentrat
(%), initial substrate concentration §Sanc
initial product concentration (| into ¢
vessel of volura V, is used to suppc
growth of a microorganism. Under ste¢
state conditions, the concentrations
biomass, substrate and produce flowing
of the reactor, are the same as those wil
the bioreactor, assuming perfect mix
occurs. Adapted fronDoran, 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 equationlgre Nais the rate of oxygen transfer

per unit medium volume, also known as oxygen transfer rate OTR (grhst)nk.is the liquidphase

mass transfer coefficient (m*} ais the gadiquid interfacial area per unit volume of fluid =),

Ca is the oxygen concentration in the medium (gmofynand 6° is the medium oxygen
concentration in equilibrium with the gas phase (gmot)nalso described as the oxygen solitjil
(Doran, 2013h)The difference between the actual and potieh oxygen concentrations represents

the driving force for oxygen transfer.
v 4 4 LA J4 1 114 ~ v w7 (74
On o w@&Ne ¢ U Qwo 0

The actual solubility of oxyge@; , is negativelaffected by increases in both temperature aioah
concentration(Narita et al., 1983)In terms of the importance t&aldieriahigh density cultivation,

0° is affected by almost all of the unique conditional aspects with a high temperature compared t
most bioprocesses and high concentrations of sulphate and ammonia Taise(.51). pH also
affectsé® , however through an indirect mechanism once agaivolving ion concentrations,
increased proton concentrations as well as equilibrium shifts of A\BNH* and HS®@ A SQZ. Due

to difficulties in measuring.and a separately, the product is generally considered togethekaso
describe the mass tresfer index of oxyge(Gémez Sanchez et al., 201R)gurel.51 demonstrates

the kinetic stages involved during the transfer of gas molecules to an intracellular lo¢atioan,
2013b) Diffusion of oxygen to the gdiguid interface is quick and effectively negligible (i), as is the
transfer across (i), whilst the liquid film boundary layer represents the majofigxggen transfer
resistance (iii). Oxygen transfer through the bulk medium phase may be assumed to be rapid4in a well
mixed reactor (iv), contributing negligible resistanGaldieriadoes not form cellular clumps or flocs,
and remaining transfer occurough the liquidcell 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 és2.m?) in equation 1.5. Reducing
the volume/diameter of the bubbles will increase the surface area to volume ratio, increasing the

value ofa.
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Electrolyte Electrolyte Oxygen partial Solubility of oxygen (mdm3)
concentration  pressure (atm) 298 K 323 K 348 K
(mol.dm?) Meas. Meas. Calc. Meas. Calc.
H.O - 1.0 40.6 29.1 28.6 20.6 21.0
(NH)2SQ 1 1.0 25.2 17.8 18.0 12.4 13.3
H.SQ 1 1.0 33.7 24.6 24.1 - -
2 1.0 28.2 21.5 20.2 - -

Table1.51 - Temperature and medium components affect the solubility of oxygen

Adapted from(Narita et al., 1983)

Liquid—solid interface

Site of
oxygen
reaction

Bulk liquid

Gas [ndividual
bubble

cell

(v}

(v), (I, (viii) 1\

/! INDIVIDUAL CELL
Liquid film

Liquid film

Gas-liquid interface

Figurel.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 productioGaddieria and explores process techniguas
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 technigues to maintain sterile hetesphic cultures of5aldierig without the
application of sterile technique. Nitrogen supply to the cell is critical in this endeavour, and specific

growth characteristics dBaldieriaare exploited.

Chapter 5 explores two low cost and abundant carbon reses) biodiesel derived glycerol and
lignocellulose, for their propensity to support cultivation@éldierig in order to produce

phycocyanin.

Chapter 6 describes the ad hoc airlift bioreactors, and their fabrication, used to achieve the very high
biomas and phycocyanin productivities presented in this Thesis, as well as the control systems

required to supply basic forms of nitrogen®aldieria
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Chapter2- al G SNAI £ & F YR

2.1 Materials and Methods

All reagentsand materialsvere obtained from Sigma AldrichKnless otherwise stated.

21a Strains and growth media
6 Strains oGGaldieria sulphurariavere kindly provided by Professor Seth Davis (University of York, UK)
as shown in table 2.1.1 below. Lei autotrophic mediad a 2 RA FA SR ! £ f Sigrddth YS RA dzY
LX FGS YR fAljdzA R Odz G dzSBdieriastudiBs(Abenh, 1 FSHncladifg rhofef Sy Q &
recent modificationgGross and Schnarrenberger, 1995, Minoda et al., 20804al components and
concentrations are a®llows (g.t%): (NH).SQ 2.62, KhPQ 0.54, MgS@7H0 0.5, CagPHO 0.056,
Fed 0.028, EDTA.N®.016; with trace elements to a final concentration of (m.lHBG 5.72,
MnCE.4H0 3.64, Zn€0.21, NaMoO,.2H0 0.78, CoebH0 0.08, Cug0.086.For plate preparation,
double concentrated solutions of medium and agar were sterilised separately by autoclave and
combined in a 1:1 ratio. In heterand mixatrophic growth studies additional carbon sources were
added to the above autotrophic medium dsscribed in the relevant studiednless otherwise stated,
more concentrated heterotrophic mealihave their inorganic components scaled from the above

concentrationsused at 10 g:Lcarbon growth substrates.

Table2.1.1- Strain designations of the Algal Collection University Federico IH}ACU

Strain Notes Origin Notable

references
ACUF 141.Y Yellow bank strain Wyoming, VYellowstone Nat (Toplin et al.,
SAG 108.79 Park, USA 2008)

ACUF 141.G  Spontaneous mutant of 141.Y with Wyoming, Yellowstone Natl.

strong green colour Park, USA / University of Yorl

ACUF 141.DG Spontaneous mutant of 141.Y with Wyoming, Yellowstone Nat

strong dark bluggreen colour Park, USA / University of Yorl

SAG 107.79  Yellowgreen strain used in Allen' CA, Sonoma County, USA (Allen, 1959)
originalpigment studies in 1959

ACUF 021 Brown coloured strain, fastes Isola di Vulcano, Lipari (ME (Ciniglia et al.,
reported growth rate in hetero Italy 2004, Grazian
trophic conditions et al., 2013)

ACUF 074W  White coloured strain, rapid growtl Mount Lawu, Java, Indonesia (Graverholt and

in heterotrophic conditions Eriksen, 2007)
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21.b Cryopreservation
Strains were cryopreserved autotrophic medium containing a final concentration of 5% glycerol, 5%

dimethyl sulfoxide (DMSQ) and 5% proline in a protocol adapted émnschett et al., 2016 Briefly,

an icewater bath was used to cé@ 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 thiymin
to 15 mL total volume. The final cell suspension was added in 2 mL aliquots to cryopiesdoeking

tubes and stored a20°C for 1 hour, before transferring t80°C for long term storage.

21.c Cultivation
Galdieriawas cultivated in a range of conditions and scales with some constants. Temperature was

maintained at 42C for all cultures as well as constant photosynthetic active radiation betwe&® 40
>mol.m?.st in auto- and mixaetrophic cultures, heterdrophic cultures were maintained in the dark.
Where necessary, Antifoam A (Sigma, UK) was added to the mediunirgii@rconcentration of 50
ppm. A condenser at°€ 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.

2.1d Bioreactor scaleultivations
Two differing types of bioreactors were used to cultiv&eldieria A 2.0 L working volume stirred

tank reactor containing two fodbladed Rushton turbines (Minifors 2, Infors, CH) is used for all stirred
tank reactor experiments. A seriesaiflift 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.

2.1.e Growthmonitoring

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

absorbance was measured at 800 nm to prevent any pigment interactidrss et al., 1998)sing

an S200 spectrophotometer (Boeco, Germany) with a light path of 1 cm and a blank of deionised
water. Where necessary, telvere diluted with deionised water to ensure absorbance measurements
below 0.7 crt.

2.1.e.iiDry cell weight
1 ¢ 10 mL of cells (or § 50 mg dry cells) were taken in triplicate unless otherwise stated for

determination of dry cell weight (DCW). Cells were démded at 18,000 xg for 15 seconds, the
supernatant discardedndrepeated twice with a resuspension in deionised water to remove medium
components. Washed cells were resuspended in 1 mL deionised water and fro&iGiat least

overnight for subsegent lyophilisation for 24 hours under vacuum.
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2.1.f Phycocyanin extraction and assay
In terms ofGaldieriaas a biotechnological organism, the blue wasetuble dye phycocyanitGPC)

was focused on as a model product.

2.1.f.i Extractionand purificatiortechniques
Unless otherwise stated, lyophilised cells as described in se2tiba.iiwere resuspended in 1.5 mL

of 100 mM potassium phosphate buffer at pH MBechanical disruption was performed usiogll
disruption tubes (2 mL capacity, 0.5 mm Zirconium beads, SKjdiech, USApnd a BeadBug
homogeniser (Benchmark Scientific Inc., USA) at a speed of 4000 rpB 60 Second cycles, with

tubes cooled at AThetween cycles.

Cell lysate was centrifuged at 18,00@Q for 60 minutes at 4C, and 500 pL of blue supernatant was

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

Wherein the volume of cell suspensions was larger {3000 mL), cells were disrupted using a
continuous cell press at 40,000 kfZzonstant systems, UK). Lysate was transferred to 500 mL Beckman
centrifuge tubes at 35@00 mL volume for centrifugation at 500QyXor 5 minutes to remove the
majority of cell debris. Ammonium sulphate extraction was perforrae@1°C with an initial 2.M
solvation step for 30 minutes, centrifugation at 18,009fer 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 18,008 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 weteansferred to a 1 cm light path cuvette undergoanalysis Absorbance

was read by spectrophotometer at 320, 562, 620 and 652 nm, and #R€ Content estimated as
describedpreviously, andlemonstrated with equatior2.1a(Kursar and Werte, 1983, Moon et al.,
2014) Where necessary, Equationl® was used for the determination of-BC purity. This is not a
GUGNHzS¢ LIJzNAGe OF f OdzZ  GA2y KAOK aK2dzZ R sdmeS | 642
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2.1.g Glycerol
Glycerol concentration of the medium was monitored when glycerol was supplemented into the
medium. Glycerol free reagent (Siglhmd RNA OKO ¢+ a dzaSR | O0O2NRAyYy3 (2
which is an enzymatic assay leaglto the production of a greenuinoneiminefrom glycerol. Medium

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

2.1.h Ammonium

Ammonium concentration of the growth medium was determined using a modified version of the
Berlethot reaction(Rhine et al., 1998vherein a solution containing ammonium is made basic,
producing ammonia, which reacts withphenylphenol to produce a blue indophenol complex.
Initial samples were diluted 25000k with ultra-pure waterand absorbance was read at 660 nm
following reaction mixture incubation of 1 hoursing a plate reader (Victot420, Wallac) The full

protocol used may be found eppendix8.1.
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Chapter3- LYLINR2 GAY 3 LIKEO
LINZ R dzQDll Af 2RA GANBUK dzNJ N

3.1 Introduction
There is only a limited set of literaturexploring high phycocyanin productivity heterotrophic

culturesof Galdieria sulphurariaDespite this, reports are very encouraging with, up to this point, a
highest productivity of over 800 mg.L.daghycocyanin and0 g.t!.day* biomass(Graverholt and
Eriksen, 2007)More recent research has focused on awdgliight to the heterotrophic cultivation
process in order to successfully boost the intracellular concentration of phycody&aimet al., 2016,
Baer etal., 2016, Cagnac et al., 2018, Carbone et al.,,202@)t the detriment of overall phycocyanin
productivity due to increased equipent and process complexity. Indeed, early research identified
that true mixotrophic growth does not occur Baldieria(Oesterhelt et al., 2007)sugesting 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
optin this chapter to explore alternative techniquesimprove phycocyanin productivity Galdieria

without resorting to the addition of a light step, in order to make a case for a commercial switch from
the establishedArthrospira commercial production systems to a more modern, controllable,

bioreactorbased production process.
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3.2 Stable phycocyaniinom Galdieria

3.2.a Extraction of phycocyanin
Extraction and purification of phycocyanin froflsthrospiraplatensisand Galdieria sulphurariawas

performed as commonly suggested in the literatqravo stepammonium 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 detdrhyimaicroscopy.

Lysate Figure3.2-2 A) was centrifuged at 17,0@for 1 minute producing a blue coloured supernatant

and browngreen pellet Figure3.2-2 B), and the supernatant separated. Ammonium sulphate was
added under stirring in an ie@ater bath to a concentration of 1.2 M (30% saturation) for 30 minutes

as suggested bySorensen et al., 2013)This concentration provides the highest solubility for
phycocyanin enabling retention in the supernatant fraction of the subsequent 40 minute 1@,000
centrifugation, producing a clearer blue fractidfiqure3.2-2 D). Ammonium sulphate concentration

was increased to 1.6 M (50 % saturatiortwhich point centrifugation facilitated precipitation of the

protein onto the sides of the centrifuge tubdsigure3.2-2 E).

The precipitated phycocyanin was separated from the supernatant and resuspended in 100 mM
phosphate buffer, and the resulting solutionssarbance compared to that of the post 30 % saturation
fraction (Figure 3.2-1). The aforementioned figure clearly identifies chlorophglto have been
removed in theihal purification step, due to the loss of a peak at 680 nm, also supported by the green
colouration of the supernatantHigure3.2-2 E). A total of 258 mg of purified phycocyaninwas

obtained from 100 g of cell&llophycocyanin was below detectable levels in the purified sample.

46



Stable phycocyanin from Galdieria Thomas Burns

1.0
--- First purification 30%
— Final resuspension
]
Chlorophylia
GJ ’I\ \
S U
c |l
s \
2 05 '
o \
(%] \
Qo \
< \
\
\
\
\
\
v Y
\\‘
____\\ '
0.0
400

600

Wavelength (nm)
Figure3.2-1 - Absorbance traces of purified phycocyanin

Blue dotted lineg phycocyanin absorbance after 30 % ammonium sulphate saturation and

centrifugation. An error in the spectrophotometer erased data below 400Redl lineg absorbance
trace following final 50 %mmonium sulphate precipitation and resuspension in 100 mM phosg
buffer. Chlorophyla 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 normali:
620nm = 1.0.
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Figure3.2-2 - Extraction and purification of phycocyanin

A Lysate ready for centrifugation. B First centrifugation step at 19@0601 minute. C Phycocyani
rich supernatant separated from cell debris. D After 30 %)dSE purification and centrifugation.
After 50 % (NEJ.SQ purification and centrifugon. F Purified phycocyanin samples resuspende

100 mM potassium phosphate buffer.
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3.2.b Stability assessments

3.2.b.i Arthrospiraversus Galdieria
In order to assess reported stability benefitsphfycocyanin fromGaldieriaover phycocyanin from

Arthrospira time dependent stability was investigated using extractions from both species arising
from the extraction procedure described 312.a. Samples(14 mL)wvereincubated in a water bath at
temperatures ranging from 25 70°C andabsorbance spectra analysed every 10 minytegure
3.2-3). For each samplé00puLwastaken into 60QuL 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 increasabsorbancdelow 400 nm, as thprotein predpitates and

the phycocyanobilin chromophore delinearssguring loss of tertiary structures.

Arthrospiraphycocyanin began degrading at°@) with an 8% loss of phycocyanin after 30 minutes
incubation, compared to undetectable loss faaldieria(Figure3.2-3 E). Indeed, only 3uf Galdieria
phycocyanin was lost even at ®5for 30 minutes, compared to 48% farthrospira Both protein
variantswere characterised by a sharp drop in absorbance caceitical temperature was reached,
somewhere between 50 and 35 forArthrospiraand 55- 60°C forGaldieria This is similar to the
critical temperature of 47C for Arthrospirareported previously(Chaiklahan et al., 2012further
kinetic degradation aspects are suggested when examiningdiependence (e.drigure3.2-3 A), as,

in that example forArthrospiraat 55°C, over 50% of the total degradation over 60 minutes occurs in
the first 10 minutes. For the same phycocyanin &®Bthere is nearly 100% of the total loss by the 10

minute absorbance analysiBigure3.2-3 C).

It is unclear why different temperatures present with a different lower floor for absorbance.
Comparingrigure3.2-3 A and C, final sample minima differ with the°6%test reachin@.38 ODs at

620 nm after 60 minutes, whilst this is more acutely reduced 4CE8D minutes to 0.22 ODs at 620
nm. Furthermore, observations do not suggest that an inse€atime at say 5& would eventually
reduce to a 68C minima, with an attenuated loss over time observed (degradation amount slows over
time). Interestingly, a shade change is observed during degradatigntiofospirasamples from blue,

to pale greerblue, whilst theGaldieriasamples present with an attenuation of the colour intensity
but no colour shift Figure3.2-4). This is likely to be a consequenof allophycocyanin presence (see

section3.2.c)
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Figure3.2-4 - Colour changes of phycocyanin at elevated temperatures

S-Arthrospirg G¢ Galdierig Top row- initial sample, bottom row 10 minutes at 58C (left) or 66C
(right). Notice the change from dark blue greenblue at 60C forArthrospirg whilstGaldieriais
observed with a reduction in blue intensity, but no shade change.

3.2.c lackof allophycocyanim Galdieriaextracts
Compositional differences are observed between firéhrospiraand Galdieriapurified phycocyanin

extracts, particularly in terms of the lack of allophycocyani@atdieria Figure3.2-5 A demonstrates

I OKI N OGSNRAAGAO aakKz2dzZ RSNE | ONPR & ArthiogpiBaextrazta 2 NLJIG A 2
caused by overlapping absorbance of phycocyanin and allophycocyanin, notably not present in
GaldieriaextractFigure3.2-5 B. Allophycocyanin has a sharp peak at 652 nm with a wide absorbance
between 630c 600 nm Figure3.2-5 C) causing the normally smooth phycocyanin peak to (eihdt

and Piechulla, 2011As shown idrigure3.2-1, the lack of allophycocyanin in tt&aldieriasample is

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

chlorophylta was observed to contaminate the sample prior to ammonium sulphate precipitation.

This key difference in the quality of phycocyanin extrdcteom Galdieriahas industrial product
implications for its use as a food dye, particularly considering the differences in stability previously
demonstrated As seen ifrigure3.2-3A, and more clearly iRigure3.2-5D below, at 58C, phycocyanin
is lost at elevated temperatures but the same effect is not observed for allophycocydugise data

suggest allophycocyanin to be more robust, and goes a waygdlaining the observed colour changes
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in Figure3.2-4. For use of phycocyanin in products, curréxrithrospiraextracts are doubly unsuitable

for use n situations unfavourable to the stability of the phycobiliprotein. Some loss of starting material
ingredients may be acceptable in mampcessesindeed,no process will have 100% yield, however
the potential for a change in colour is almost certainkyhiy disadvantageous as it is not possible to
simply add more food dye to overcome any processing loss of pigmentafioa.Galdieria
phycocyanirextract therefore holds a two point improvemergossessin@ greater natural stability
over Arthrospirg and no emergence of green allophycocyanin (seemingly more stable) during

exposure to harsh conditionsvhich may be overcome by adding more dye.
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Figure3.2-5 - Allophycocyanin presence iarthrospiraextract compared toGaldieria

Comparison of extracted phycocyanin (CPC, peakfGamples exhibiting a presence of allophycocyan
(APC) with a peak at 650 nmArthrospira(A) compared tdsaldieria(B). C¢ Individual absorbance spectra
phycobiliproteins and chlorophyd taken from(Heldt and Piechulla, 2011)¢ Loss of phycocyanin (blue

circles, ) butnot allophycocyanin (greeblue squares\ ) over 60 minutes at 3& of theArthrospirasample.
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3.3 Growth paradigm selection
As demonstrated in sectior8.2 there are potential processing benefits for ende product

manufacturers forGaldieriaphycocyanin oveexistingArthrospirabased technology. As such, the
majority of the research forthwith focusses on optimising the production of phycocyanin from

Galdieriaand the aspects involved in order to achieve this goal.

3.3.a Optimisation of phycocyanin analysis
In order to ensure replicability between experiments, and considetiegsensitivity of phycocyanin

to harsh physical conditions, analysis of common sswle laboratory cell lysis techniques was
performed. Whilst the procedure outlined B.2.ais highly suited to generating larger samples of
phycocyanin from 100 g or more quantities @hldieriabiomass, a reliable technique with higher
throughputof smaller technical replicate samples is required in order to greater understand time and
condition kinetics of phycocyanin expression and productio@afdieria Due to the tough cell wall
compared toArthrospira(Figure3.3-3), lysis is not a trivial exercise with most operations generating
significant heat at higher intensities, potentially misleading analysis of phycocyanin from cell samples
(Figure3.3-2).

Cells could not be disrupted by 10 cycles of frebwav either at-80°C to 30°C 01198°C (liquid
nitrogen) to 30°C at angell concentrationbetween 0.25.0 g.t%, at odds with reported procedures

from (Moon et al., 214)who used freezgéhaw to great effectaand so sonication and mechanical
disruption (BeadBug) were focussed dfigure3.3-1 D indicates the differences in lysate quality
between sonication and mechanical disruption with a lack of absorbance peaks at carotenagid (400
500 nm) and chlorophyll (680 nm) wavelengths, aigher absorbance fgshycocyanin620 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 mechanicdisruption reduced ®©C content Kigure3.3-1 A), as well as increased
sonication power having a detrimental effect on observable pigmehigu(e3.3-1 B). Utilising a
cooling period during mechanical disruption prevented reduction of lysate absorbance at 620 nm for

longer periods of disruption (60 sends on, & minutes cooling in an ice bath)
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Figure3.3-1 - Analysis of sonication and bead bug homogenisation for phycocyanin extraction

A - Highest extraction of ©C from strain 141.DG was obsena®0 seconds of disruption in the
BeadBug using 0.5 mm zirconium beadsE ¢ Lysate absorbance increases at be@20 nm k)

YR <
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(closed symbols¢ Total absorbance waveform of figuBg indicating highest lysate absorbance
following 84 um sonication powel ¢ BeadBug comparison at increasing disruption times
demonstrating lack of chlorophyll and carotenoid impurities compared to sonication.
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Figure3.3-2 - Degraded phycocyanin samples caused by harsh cell lysis operations

A ¢ A set of phycocyanin samples displaying complete loss of phycocyanin due to exposure to exc

heating duringheadbug cell homogenisation. Intermediate examples of samples exposed to differ:
lysis periods.

Figure3.3-3 - Confocal microscopy dbaldieria

Confocal microscopy image Galdieriagrown in liquid culture with 260 mM glycerol as a
carbon source. The tough cell wall@éldieriais clear. Red fluorescence identifies intracellu
GPC associated with the thylakoid membrane of the chloroplastiCier Ewald Hettema.
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33.b Strain selection
Six strain®f Galdieriawere kindly provided by Professor Seth Davies eachpared for growth rates

and GPC production in autotrophic cultures using the miniature airlift bioreactors at 100 mL working

volume (=1) (Described by Bangert, 201Byiefly, these simple bioreactors comprised a baffled tube

with a microporous sparger at the bottom, connect to compressed air at 100 mt.mirDuran lid

with three ports for sampling and exhaust were fitted to the cyéind K NBS &aLRy Gl yS2dza «a
of ACUF 141 had been identified by Davies and are henceforth referred to as Yellowaigitiad

strain), Green (G) and Dark Green (DEK S YSUi K2R F2NJ ISySNI GA2y 2F {F
unknown and seems to be aspect ofGaldierig as first reported byGross 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 2@lgdtose 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 dawhilst 141.DG had the highespecific productivity of
phycocyanirwith 11.13 mg.g DCWand a growh rate of 0.20 day (Table3.3-1).

The range of strains analysed had strikingly different pigment phenotippgend differences in
phycocyanin contenfFigure3.3-4), particularly with a lack of chlorophyll in strains 97 dwhite) and

021 (orangeyellow)likely contributing to the lack of autotrophiggwth. These data are comparable
to reported literature that found strain 141 to havesaorter autotrophic doubling time of 60 hours
compared to our 79 hoursbut a higherlight intensitywas also useq150 vs 5670 pumol.n?.s?)
(Graziani et al., 2013)nterestingly 021 was shown to support autotrophic growth, and furthermore
at a rate greater than 14%4=56 hours), but with the greatest variance of any of tli&tdsted by

Graziani£8.5 hours), suggesting a leveh@iriability for thisstrain.

These data, in combination witfGraziani et al., 2013kuggested further investigation of the 141
straA Y avYdzill yGdaéd Fa LINPYAAAYI AYRdAZAGNRALFE OF yYRARFGS

high growth rates and pigmentation.

Table3.3-1 - Comparison of 6 strains @aldieria

Glucose Final DCW
Strain  (g.L'Y) (mg.mLY) Final O > (D?) Yerc(Mmg.g DCW)
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
17979 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
021 200 4.24 +0.07 1092 0.78 0.03
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Figure3.3-4 - Pigmentation variation in 6 strains oBaldieria

A Autotrophic (141.G, DG, Y, 179.79) amidtotrophic (021, 074W; +20 d.glucose)
cultivation ofGaldieriain 100 mL airlift bioreactors at 42 and 5@ 70 pmol.m?.s?
illumination. Bg Pigmented cell culture samples.

57



Growth paradigm selection Thomas Burns

3.3.c Trophic comparisons of 141.DG
A comparison was performed comparing aytbetero- and mixetrophic 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, 199583 mM xylitol was added to heterand mixotrophic cultures
(n=3). Table 2.2.4 demonstrates the differences in growth as well as compositiGaldieria
Mixotrophy led to the highest growth rate (0.50 dgyreaching stationary phase at day 8 and a final
biomassconcentration of 5.73 mg.mi(Figure 2.2.4). Heterotrophy led to a similar final biomass of
5.94 mg.mt, but at a slower growth rate of 0.36 dayBiomass yield on 183 mM of xylitol (27.85 g.L

1 was found to be 0.213 and 0.205 ¢.fpr hetero- and mixo-trophic cultures respectively.
Autotrophic cultures =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 tewical problems were identified in regards to thlkycocyanirassay
prompting the disruption technique investigation discusse@®.iB.a. As such, ta Ycpcdata in table

2.2.3 provides only an indication ofRC production.

These data are well below growth rates and yields reported previously, with typical mixotrophic and
heterotrophic rates ranging between 1@1.3 day* for 100 mL scale culturgSloth et al., 2006,
Graziani et al., 2013, Sloth et al., 2014% a non motile orgasm, the mixing rate of the miniature
bioreactors was found to be unsuitable fGaldieria as they were originally designed for work with
Dunaliela salingBangert, 2013)Settling of cells at the bottom of the reactor was a known design flaw
determined fromtheir use withMicractinium inermumwith a previous student designing a timed air
injection system in an attempt to dislodge cells from the bottBmith, 2016)D | f R ApSopehsityQ &

to generate biofilms due to its preference for eiithic growth contributed to unsuccessful
implementation of this systenmnfortunately 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 literaty@raverholt and Eriksen, 2007)

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

Chlorophyll (mg.g DCW Carotenoids (mg.g DCWY
Trophic Final DCW > Yxis
condition (mg.mLY) (dayd) (g9.9Y) Exponential ~ Stationary Exponential ~ Stationary
Autotrophic 1.28 +0.38 0.27 - 154 +0.10 2.30 0.03 0.46 0.09 0.62 £0.10

Heterotrophic 5.94 *1.61 0.36 0.213 250 =+0.14 110 =0.30 0.40 +0.09 0.44 =*0.09

Mixotrophic 573 #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, Comparison of growth conditions
Srain 141.DGwas cultivatedat 42°C n 130 mL (100 mL working) miniature bioreactors with an
air flow rate of 40 crhmin®. A ¢ Auto-trophic ( N=2 and mixetrophic & , N=3 cultures were

maintained under constant illumination of 8D >mol photons.m.s. Heteratrophic ( , N=3

and mixaetrophic cultures also contained 183 mM xylitol as a carbource. InseB
demonstrates the logarithmic transform of the dry cell weight.
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3.4 Heterotrophic cultivation at bioreactor scale

3.4.a 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 (1220 L working volme) dual baffled Minifors 2 stirred
tank reactor, and the 3 L flat plate airlift bioreactameviously designed in house by our laboratory
(Bangert, 2013) Overall, we observed benefits to phycocyanin production in the airlift system
outweighed tighter proces 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
previousy (3.3.c), and in the literaturdWan 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 (€ggnac 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 ndwveterotrophicgrowth supporting substrate over gtose which

up to this point had demonstrated little success in terms of promoting phycocyanin productivity in
Galdieriaat high cell density. Glycerol provides an interesting source of carbon due to excessive global
production as a byroduct of biodiesetransesterification processes, further discussed in sedi@n

For referencethe maximum values found ithe literature are anXmax3.5 g.t* and 109 g.t%, with 10

mg.g! and 27 mg.g intracellular phycocyanin for heterotrophic glycerol and glucose cultures
respectively(Sloth et al., 2006, Graverholt and Eriksen, 2p@khough the glycerol experiments in

guestion were only performed at flask scale.
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3.4.b Heterotrophic flask studies
Growth(Figure3.4-1) and phycocyanin ere assessed for heterotrophic glycerol or glucose supported

growth for strain 141.D@with either 50 or 100 mM carbon substraf€able3.4-1). This experiment
was performed in a communal temperature controlled growth room &@C3With 200 rpm shaking at
100 mL flask scale. Despite the Pl of Galdieriacultivations, several repeats were required due to
the occurrence of fungal contamination presumed to arise fromhiigély unsterilcommunalgrowth
room. In order to prevent this 1 %,$Q was also added to cultures, and these data should only be
compaed to other 37C cultivations in the literaturavith care (e.g. (Sloth et al., 201%) The
cultivation was stopped before stationary phase weached for the 100 mM glucose culture leading

to a lower biomass yieldrable3.4-1).
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Figure3.4-1 - Flask scale glucose and glycerol cultivation of 141.DG &C37

Strain 141.DG was cultivated at°87heterotrophically in the dark using 50 (filled) or 200 mM (o
D-glucose (blue circles) or glycerol (red square’s ) as the carbon source with 1 ¥8@Qto
prevent contamination (A). The natural logarithm ofdgvas used to determine specific growth
rates (B).
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Table3.4-1 - Flask scale glucose and glycerol cultivation of 141.DG°&t 37

Culture 1 + 2 + 3 + 4 +
ReplicateFlasks 2 2 2 2

Carbon source D-glucose D-glucose Glycerol Glycerol

S (MM) 50 100 50 100

S(g.h 9.01 18.02 4.60 9.21
[(NH:)2SQ] (9. 5.24 5.24 5.24 5.24

umax (day) 0.74 0.02 0.78 0.04 0.78 0.04 0.75 0.03
[X] (0.8 4.32 0.07 5.56 0.13 2.23 0.01 4.66 0.06
Yous 0.432 0.28 0.44 0.46
Yepe{mg.gh) 21.834 0.43 21.70 0.23 22.83 0.11 19.34 1.06

Overall,141.DG performed similarly well with both glucose and glycerol, with yields ranging between
0.43- 0.46 g.d and similar growth rates between 0.740.78 day. These data are well within
reported ranges for other straingjith a growth rate of 0.65 dayat 34°C for cultivations with 5 giL
glucoseof 074G(Sloth et al., 2017)as well as reported yields between 0-@50 for several carbon
substrates(Sloth et al., 2006, Eriksen, 2008, Sloth et al., 2018 phycocyanin productivities of strain
141.DG are also very high, even on glycerol, at above 20'nRygvious flask studies using glycerol
found phycocyanin severely decredssompared to glucose cultures at only 10 miganly recovered
by use of a mixotrophic system including addition of illumination atjirs0l.n?.s?, recovering to 20
mg.g*intracellular phycocyanin. It may be that the lowered temperature also contribtaehe high
phycocyanin concentration in this study, @oth et al., 2017pund that, on glucosegultivations at
40°C produced phycocyaniconcentrations of 2.3 0.2 mg.¢, whilst 34C produced 16.& 0.4. |
would however argue that the slow growth rate has more of a direct effect on phycocttzanin
temperature itselforoduced for various reasons, mainly oxygen available to the cultsiie,discussed

later in this chapter.
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3.4.c Highdensity fed batch cultivations in a stirred tank reactor on glycerol
Initial study

Strain 141.DG was cultivated at°@heterotrophically 25 g:L(batch) and 500 gi(feed) glycerol as

the carbon source with 4 x MA medium at 1.2 L (batch) to 2.0 L post feedindRigale3.4-2). A lag
phase of 2 days was observed at which point growth proceeded at a rate of 1.8%d&ydays until
feeding was initiated at T=120. 28 hours post initiation of feeding the tubing was observed to be
blocked as a result of precipitatiaf the ionic medium components. 98 mL of feeding solution was
added in total resulting in a final biomass of 23.2 +0.1% gtl167 hours and final volume of 1330 mL,
representing a yield on substrate of 0.39Y.§pecific @C content was 9.2 +0.20 rggat 167 hours,
giving an overall©C concentration of 0.214 +@.§.L". It was thought that a saturated solution was
prepared by heating during the preparatideading to inorganic substrate crystals blocking thenpu

and after this point medium ahfeeding solutions were prepared at room temperature.
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Figure3.4-2 - Preliminary fedbatch study with Infors 2D L stirredbioreactor

Strain 141.DG was cultivated at°@heterotrophically 25 gi(batch) and 500 gli(feed) glycerol &
the carbon source at 1.2 L (batch) to 2.0 L post feeding scale in a 2.0 L working volume stirre
reactor. Feed addition was determined by exponential growth calculation and the rate change
manually at sampling. QR (black filled squared ), reactor glycerol concentration (red triangles
p ), specific phycocyanin (blue circle3, and NH-N equivalent concentration (purple crosgis
presented. The natural logarithm of the @fgwas used to monitor growth rate (B). Error bars
represent=SEM where applicable. At T=150 the feeding tube was found to be blocked and th
experiment stopped.
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3.4.c.i Glycerol impairs growth rates at higher concentrations
Strain 141.DG was cultivated at°@2heterotrophically using 40 d.l(batch) and 400 gl (feed)

glycerol concentrations to prevent medium precipitatiohthe feeding solutionGrowthwas 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* for 5 days until feeding was initiated at T=1@4gure3.4-3 B). Slow growth compared to
previous cultivationsvas caused by excessive glycerol concentrations. Upon further investigation
glycerol reduce the growth rate ofGaldieriaabove 20 g:£(1.2 day)s NB R dzO S$.&(0.65dayp ¢z
1 at 50 g.t! (Figure3.4-4). The range of glycerol in this experiment fits well with these data, at a
growth rate of 0.8 and a glycerol comteation between 4Q; 30 g.L* during the batch phasé hisalso
contrass directlyto hexose and pentose sugars having no effect on growth rate up to 8(S¢hmidt

et al., 2005)with most highdensity bioreactor studies d@daldieriausing 50 g.Lcarbon as the initial
growth substrate As suchthe 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, resuléngjgnificant

increase irreactor glycerol ancentrationup to 90 g.tt and inhibition of growth. 208 mL of feeding
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Figure3.4-3 - Stirred tank reactor 40 g:Lglycerol preliminary study

Strain 141.DG wasultivated at 42C heterotrophically 40 gii(batch) and 400 gii(feed) glycerol &
the carbon source at 1.0 L (batch) to 2.0 L post feeding scale in a 2.0 L working volume stirre
reactor. Feed addition was determined by an exponential growth calounlatihd the rate changed
manually at sampling. QR (black filled squared ), dry cell weight (black open squar3, reactor
glycerol concentration (red triangles), specific phycocyanin (blue circleg. The natural logarithr
of the ORgowas used to moitor growth rate (B). Error bars represet8EM where applicable.

64

>



Heterotrophic cultivation at bioreactor scale Thomas Burns

solution were added in total resulting in a final biomass of 20.47 +0.758 gtl211 hours and final
volume of 1184 mL, representing a yield on substrate of 0.19¥. §pecific @Ccontent was 9.33
+0.33 mg.g, giving an overatieactor phycocyanigoncentration of 0.191 +0.002 ¢t.L

These data suggested the need for a lower starting glycerol concentration in order to promote more
rapid growth, as well as a requirement faore tightly controlled feeding regimes compared to the
previously reported daily alterations of feed pumps intereactorsas used with glucose cultures

(Graverholt and Erikse 2007)
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Figure3.4-4 - Glycerol batch cultivation growth rate comparison in stirred tank reactor

Strain 141.DG was cultivated at°@2heterotrophically 20 gli{open squared\ ) or 50 g.I (closed
circles, ) glycerol at 1.5 L volume in a stirred tank bioreactor. The natural logarithm #f W&
used to monitor growth rate.
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3.4.d Insufficient mass transfer in stirred tank systems to maintain

oxygen saturation
Following improvements in process control in order to prevent excesggyoerol 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 sowclin a stirred tank system, the impeller velocity primarily contributes to
oxygen mass transfer, and higlensity bacterial cultures at lab bench may operate up to 1600 rpm.
High velocities exert a shear force into the medium onto both cells and entrappgoles, reducing

the size of the sparged air bubbles, increasing the surface area to volume ratio, and improving oxygen
mass transport. As aukaryoticorganismGaldieria despite possessing a strong cell wall, was found

to be sensitive to impeller exaxtl shear above 450 rpm, likely du the cell size of around 4@m

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, impphirapcyanin

production byGaldieria
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Figure3.4-5 - Reduced intracellular phycocyanin under oxygen limited glycerol supported grov
in continuous stirred tank

G. sulphurarigrown in continuous flow conditions at 0.6'®ith 20 g.t* glycerol as the gwth
limiting substrate. Batch phase growth was supported by 18 gjucose to provide a high starting
point of intracellular phycocyanin (Blue circt§sefore initiation of continuous flow at day 4.
Oxygen saturation of either 50 or 35% were autonayccontrolled by the reactors computer
system (greetine -). The dry cell weight remained stable throughout the culture during continu
flow at around 10 g:L(black squares).
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3.4.d.i Low oxygen in heterotrophic cultures on glycerol reduces phycocyanin

expression
Galdieriawas grown in continuous flow conditions at 0.6 @ith 20 g.t* glycerol as the growth

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

glass bioreactor. Batch phase growth was supported by I@tutose to provide a high starting point

of intracellular phycocyaniof 32.84+0.8 mg.g* dry cell weight before initiation of continuous flow at

day 4 Figure 3.45). At 50% oxygen saturation and glycerol as the carbamcsointracellular
phycocyanin reduces to around 10 mgdyy cell weight over the course of four days of continuous
cultivation. The dry cell weight remained stable throughout the culture (black squards day 11,

the maximum non damaging settingg filie stirred tank reactor of 500 rpm and 2.0 L.rhair flow

were unable to reach close to 100% oxygen saturation, becoming stable at 70% despite the low
glycerol substrate concentration of 20 @.LThis period also correlated with a spiked increased
concentration of intracellular phycocyanin to 15 md.gapidly reducing to around 10 md.gvhen
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 abt2%.

These data support previously reported literature for heterotrophic cultivationsGafdieriaon
glycerol, which have been demonstratéal be between 3¢ 10 mg.gt phycocyanin(Schmidt et al.,
2005, Sloth et al., 2006at bioreactor and flask scale respectively. Thegaggen deprivation (batch)
phase phycocyanin concentrah is high for a heterotrophic culture, matched only by reported
mixotrophic systems, ranging from 2@8 mg.d' for glycerolSloth et al., 2006, Carfagna et al., 2015)
As glucose was used in this phase, it further supports literature suggedtng extreme interaction
between low oxygen saturation and loss of phycocyamihen glucose was the carbon source
(Graverholt and Eriksen, 200@ptained 2.7 mg.g! intracellular phycocyanin in fed batch using
glucose as the growth limiting substrate and 30% oxygen. In continuous flow only 15:6weg.g

reachedusing glucose in heterotrophy howeviraverholt and Erikse2007)
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3.4.d.ii Stirred tank reactor unable to support oxygen tensions required for promotion
of phycocyanin
Glycerol (24 g:t) was used as the initial starting substrate in a semi continuous cultivation with a feed

concentration of 400 gLin the stirred tank reactor at £ (Figure3.4-6). 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.rmtinA growth rate of 0.75 daywas observed during the bdtc
phase, with the feed addition beginning&8 daysfacilitating growth at a ratef 057 day* up to day

7 at which point feeding was stoppedi total of 341 mL of feed was adddwever the pump velocity

was calculatd to support a growth rate of 1.6ay*. As such, the glycerol concentration in the reactor
increased to 80 glat day 6, inhibiting growth. The excess glycerol was eventually consumed by 8.8

days supporting a total biomass of 77.7 g (480749 g.t}) ard a biomass yield on substrate of 0.47.
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Figure3.4-6 - Low oxygen during sengontinuous cultivation in stirred tank reactor

Galdieriacultivated at 1.2 L scale up to 2.0 L with 24*@latch) and 400 g’l(feed) glycerol (red
trianglesp ) to support growth. A oxygen (Green inverted triangles) becomes very low from ds
5 as the total biomass (black squafesaccounts for volume @mges in the reactor) reaches >30 g
at an impeller velocity (orange circles) of 500 rpm and an air flow of 4.0 L.mimB¢ natural
logarithm of the total biomass indicated the maintenance of a growth rate of 0.5 thagughout

the course of the expeament.
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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.miti(11.5 g.Etbiomass), dropping to close to zero by day 7.

Another experiment indicated impairments to growth rates@dldieriawhen the impeller velocity
increased above around 500 rpm. 15%glycerol was used as the starting carbon substrate in order
to prevent glycercimediated growth inhibition (e.drigure3.4-4), ensuring a high initial growth rate

of 1.35 day (Figure3.4-7). Semicontinuous cultivation was initiated at day 4 preventing glycerol
dropping below 5 g:1, and did not go above 12 d.for the remainder of the experiment. Impeller
velocity was automigcally controlled by the system to maintain > 95 % oxygen saturation, with a
minimum setting of 400 rpm. Above 10 €@§X3.25 g.t dry cell weight), the system began increasing
impeller velocity, leading to reductions in growth rate to 1d#y* for a 24 hour period between 500

¢ 700 rpm, and 0.54 dayat 780¢ 700 rpmat 4.5 to 6 daysHigure3.4-7). A peak impeller velocity is
observed at 4.5 dayst avhich 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 imjpalting to an

equilibrium in oxygen requirement.
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Figure3.4-7 - Increased impeller velocity impairs growth rate of Galdieria

A fed batch cultivation in the stirred tank reactor was performed with 1% glycerol as the startin
growth substrate and 300 gllglyceol feed. Impeller velocity (orange circleg was set
automatically by the system in order to maintain 100% oxygen saturation with 4.0Lamin
Natural logarithm of the biomass concentration was used to calculate growth rates in three se
intervals.
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This experiment was repeated and the data aggregated to produce a curve of growth rate against
impeller velocity Figure3.4-8), demonstrating a departure frommax (1.2¢ 1.3 day!) above around

500 rpm in this system. Cell damage from shear in stirred tank reactors is a complex process, with both
direct influence from dairbulence 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 velocitiegKunas and Papoutsakis, 1990, Doran, 2Q18@rnative types of impeller blades
mayalleviate damaging shear, such as the use of a marine turbiaagement over a Rushton turbine
(Figure3.4-9). An impeller velocity 0500 rpm is most widely reported for use wiBaldieria(Schmidt

et al., 2005, Graverholt and Eriksen, 2Q0i)particular, examples from Schmidit al demonstrate
difficulties in maintaining oxygen saturation, having opted for a feed dosing strategy controlled by a
rise in pQ for carbon limited growth, wherein pdanged from 2840 % duringhie semicontinuous

phase producing a very low final intracellular phycocyanin concentration of 3.8 hamg a dry cell
weight of 72 g.t. Another experiment by Schmiét alused sugar beet molasses as the carbon source
and had a 150 hour period withQp below 15 % saturationThese growth conditiongroduced 116

9.t of dry cells, 300 mgiof phycocyanin with an intracellular phycocyanin concentration of only 2.5
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Figure3.4-8 - Aggregated sample to sample growth rate against impeller velocity

Growth rates (black circles) against impeller velocity taken from several stirred tank
bioreactor runs at 4ZC wherein glycerol concentration ranges frorg £ g.t%. Line
represents the regression mean flanked by 95 % confidence intervals.
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mg.g*, an order of magnitude lower than a typical auto or mixotrophic cultivatioth et al., 20086,

Carfagna et al., 2015)

These limitations suggest a tradéf would be required for heterotrophic cultivation ddaldieria
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 / 6-bladed Rushton turbine
propeller

Figure3.4-9 - Two examples of turbine arrangements for bioprocesses

Adapted from(Doran, 2013a)
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3.5 High phycocyaninproductivity cultures in custom airlift

reactors
Building on previous research in the Gilmtaboratory, whichdevelogeda flat plate airlift bioreactor

adapted for use with microbubble technology available at the University of Shefffreddreactor is
further described in Sectiof.2 )(Banget, 2013) the capability for the use of a different type of
reactor in the cultivation ofGaldieria was investigated. With previous studies demonstrating
drawbacks of stirred tank reactors for a relatively large eukaryote (SegHod), it was hypothesised

that advantages could be determined in terms of oxygen transphilst not exerting excessive shear

on the cells enabling higher growth rateto be achieved in continuous and semi continuous growth
paradigms, as well as improving overall phycocyanin content of the cells and thus higher

productivities.

3.5.a 3 L Bangert reactaultivations

3.5.a.i Preliminary study in the 3 L Bangert reactor
A preliminary mvestigation 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.dayFigure3.5-1). 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 ake culture was run at 4Z and an air flow rate of 3 L.rmirDissolved oxygen and
pHvalueswere not measured due to a lack of instrumentation suitable for the custom airlift reactor

at the time of performing this study

Batch phase growtproceeded at a growth rate of 0.77 dgysignificantly lower than the anticipated

Umax Of 1.2. This low rate may not be fully explained by high glycerol concentrations, with 260 mM
being 24 g.t glycerol, as observations identified significant settlimgiéad space at the floor of the
reactor. This may have been expressed in the variable growth rate somewhat observed during the first
72 hour (Figure3.5-1 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 thaotedpat 0.38 g:§ compared

to typically 0.420.46 in the literature Settling and other caveats of the Bangert reactor are further

discussed in sectio®.2.

The fedbatch phase of the cultivation had a slightly higher growth rate compared to the batch phase
at 0.87 day, representing a maximal productivity biomass of 29.2'.day*. Batch phase specific
phycocyanin concentration reached a mawim of 12.87 mg.¢, increasing up to 20.15 mg.gt 144

hours, subsequently dropping to 10.00 mig.gt 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 tionthigu

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 led to culture overflowia the air exhaust, as observed by the
sudden drop of biomass at 192 hours, prompting stoppage of the cultivation (again see $e2ion
Overall, theculturereached a biomass concentration of 76.1.56 g.tX over 8 days, much faster than
anything previously reported in the literature, the most rapid of which b&idg g.t* for a cultivaton

on glucose in 17 day&raverholt and Eriksen, 2007)
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Figure3.5-1 - Glyceol Bangert airlift bioreactor preliminary study

260 mM glycerol (batch) and 2.6 M glycerol (feed) seamtinuous cultivation in the Bangert 3 L
airlift bioreactor at 42C. Ac biomass (black squards) increased exponentially (B) in both batch
and fedbatch at 120 hours. Phycocyanin (blue circlesgenerally decreased during the fedtch
phase, for a final concentration of 10 mgat 192 hours. The black dashed line of B suggested
variable growth rate during the batch phase.
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3.5.a.ii Monitored glycerol cultivation i8 L airlift reactor
The glycerol fedbatch culture was repeated du® the reduction inphycocyanin concentrations

towards the end as well as early stoppage of the experiment. Modifications were performed on the
airlift bioreactor, ensuring aitightness and adding a control rotameter to the exhaust providing air

flow monitoring, as well as adaptations fan online dissolved oxygen probe

Growth proceeded in an exponential manragra rate of 1.13 dayuntil variable rate feeding was
initiated at hour 98, proceedingp to hour 165 with a specific growth rate of 0.943 déyigure3.5-3
A). At this stage excessive foam caused overflow of the redetgure3.5-2), and 500 mL of medium
without glycerol was addedr{gure3.5-3 A). Growth continued at a limited rat&igure3.5-3 D) of
0.246 day. A total of 186.3 g:tof glycerol supported a maximum biomass of 43.1 gelpresenting

a biomass yield on glycerol of 0.23Y.lgw due to the large amount of biomass lost.

Feeding wasnitiated at hour 100 at a rate of 75 mL.daglue to a marginal increase in the oxygen
saturation, however medium glycerol data indicated the bgdtiase had not completed-{gure3.5-3

A). Specific®C concentration increased during cultivatifig(re3.5-3 B), coincidingvith the fall in
medium glycerol, reaching a maximum of 28.45 Matfter feed stoppagePhycocyanimproduction

in Galdieriais well characterised to be inhibited by the presence of organic carbon subsftatess
and Schnarrenberger, 1995, Schmidt et al., 2005)is contributes to higher final intracellular
phycocyanin concentrations obtained dugisemicontinuous 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, 2007Jhephycocyanircontent (28.25 mg.¢) is higher than any reported
heterotrophic cultivation, particularly for glyceroof which the highest is 10 mg-gn a batch flask
scale culturg(Sloth et al., 2006)Whilst this experiment did not shade the culture completebm

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.EX. Despite a high ammonium concentration in the feedsolution (69.3 g:1), ammonium
remained low during feed=jgure3.5-3). The ammonium assayasstill being optimised at this stage,

and the standard curve produced wa¥ @rder instead of 1 as it should beSodium hydroxide (5 M)
wasused to dilute the sampteinstead of wateduring the assay from this point onwardmsuring all

of the NH*is deprotonated into Nkbefore the assay is performddee sectior2.1.h).

Air flow was changed manually on a daily basis, ranging fr@2nint, 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 betweegq 2010
2013 seg(Bangert, 2013)and inpoor condition, despite resealing 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 ceramisuch

large coalesced bubbles were produced under high flow, negatively impactifiggdsnterface and
oxygen mass transfer. Nevertheless oxygen saturation only dropped below 50 % for a short period
between days 8 and @prrelating with a marginahcrease in glycerol concentration in the reactor as
well as a 10 mg-ydrop in intracellular phycocyanin over a 12 hour period. This pronounced drop, in
correlation with other data (e.g. sectioB.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. respiratioates), compounding limiting effects on
phycocyanin productivity.

Figure3.5-2 - Foam near the top of the Bangert reactor

Example of foaming near the top of the airlift bioreactor about halfway through experiérd.ii.

As culture density increased, so did the foam until overflodad hours.
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Figure3.5-3 - Monitored glycerol semicontinuous cultivation in 3 L Bangert reactor

Semicontinuous cultivation of strain 141.DG on 260 mM glycerol as initial carbon subgtrate.
biomass (kack squared ) increased exponentiallypf up to hour 165 at which point excessive
foaming caused overflow from the reactor prompting replenishment with medium (no glycerol)
Glycerol (red triangles ) decreased during the culture, even during feedinguige diamonds )
beginning at hour 10, Specific phycocyanin (blue circle$ increased throughout the cultivatior
whilst nitrogen (purple cross ) decreased to low level§, oxygen saturation (green inverted
trianglesq ) decreased and prompted feed stoppage at hour 200 whilst air sparging rate was
adjusted throughout (maroon open circlés).
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3.5.a.iii Improved process control held back by foamamgl identification of
revertants
A more accurate control over feed rates during exponential feeding of ®emiinuous cultivations

was required due to the glycerol sensitivity of phycocyarproduction. To this endan ad hoc
computerised control system was used in conjunction with thetaligpumps of the Minifors 2
Biodiesel glycerol (discussed thoroughly in secfidh) was used as the growth limiting substrate

the 3 L Bangemeactorat an initial 2 % (17 g').and a feed of 60 % (510 g)Lwith no nitrogen added,
instead a separate 10 M NBIH solution provided nitrogen under control (see chapte”diak in the
reactor around day 2 required 750 mL deionised water addiiglaying the batch phase of the study,
however growth was still proceeding rapidly, with feeding initiated at day 5, continuing until day 8, at
whichtime foam overflow required stoppage of the experiment due to a 1.5 L loss of culture. Despite
these prollems, exponential growth was maintained at a rate of 0.9'dayith an exponential feed
setting of 1.0 day. 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.t* was obtained, producing a maximal biomass productvi§3.7g.2.day* and a yield

of 0.49.

Glycerol was maintained at undetectable levels from day 6, with specific phycocyanin increasing from
3.0mg.g'to 10.6+0.4 mg.d between days 3.5 8. Air flow rate remained constant throughout the
study at 3 Imin?, 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 aspecGaldieriag revertion of the

2 OSNLINE RdzOA y 3 baokmodits Drigical LY phénbtype. These events are further
detailed inSection 3.5.c.ii. Overal| the foaming oncegain 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 dagported), maintaining the hypothesis that the airlift reactors

may be suitable for heterotrophic cultivations @aldieria.
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Figure3.54 - Final glycerol cultivaton in the Bangert reactor

2 % wiv biodiesel derived glycerol (60 % feed) was used to cultBadieriaat 2.5 L scale at 4€
semicontinuously in the Bangert reactor. Biomass (black squAiesicreased exponentiallyB)
throughout the study at a mean rate of 0.9 dayGlycerol (red triangles ) decreased during the
culture and was maintained below detectible levels duriregiag phase, correlating with an
increase in specific phycocyanin (blue cir¢lés Oxygen saturation (green inverted triangie$
dropped in a proportional manner to biomass throughout the study.
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3.5.b Bioreactor design optimisations improve cell and phyaooya

productivities
In order to overcome some of the innate issues facing the use of the 3 L Bangert airlift bioreactor

the cultivation ofGaldierig which it was never designed for, the decision was made to develop a new
bioreactor. The revised bioreactor hawiproved headspace to combat excessive foaming, a faster
baffled flow regime with decreasdtbw deadspace to reduce settling and biofilm builg, as well as
adaptations for heating, additional probe monitoring and process control systems. The development

of theserevisiorsis detailed in sectioB.3.

3.5.b.i MKI Bioreactor seratontinuous 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 valamnges
during semicontinuous cultivationdetailed inSection6.3). A more concentrated feeding solution
(700 g.t* glycerol) was also used to limit excessiveiamd changeswhich may alteflow dynamics in
the bioreactor. Feeding was initiated at a rate of 1.0-Hag day 3, at which point the initial 15 ¢.L
glycerol substrate concentration had dropped to 87g.The glycerol concentration in the reactor
continued to drop between days 85, correlating with an increase in intracellular phycocyanin from
16.7 to 26.6 mg.§over the same period. A drop in phycocyanin is observed at day 7, lagged about 12
hours post a detected increase in glycerol concentratibday 6.5, which is subsequently alleviated
after feeding is stopped for a final concentration of 2370.25 mg.¢ phycocyanin. A mean
phycocyanin productivity @§58.2+ 44 mg.L.day phycocyanin was obtained during feeding from days
4 ¢ 8, and a biomss productivity of 31.& 7.5 g.L.day 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 ofah87 final biomass of 71.7 g.L

1

This experiment provides farther exampleof the severe and ngid negativeeffect of carbon in the
reactor on the intracellular concentration of phycocyanin, as well as its rapid alleviation once carbon
is limiting Figure3.5-5 A). The theory that an improved headspace will allow a stable head of, foam
without impairing the process is also exemplifielthis study represents production d@baldieria
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 dognpared

with 109 g.t%. Phycocyanin productiviig accordingly improved at 658 mg.L.dagompared with 473
mg.L.day reported (Graverholt and Eriksen, 2007Compared 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. Unfortunatehe dissolvedxygen saturation was not measured

during this study.
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The MKII bioreactor did however have some design flaws borne &ome 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 simplerresigtant

spargemade from sintered titanium rather than ceramic wadesveloped(Section6.3.d).
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Figure3.55 - Glycerol based sergontinuous cultivation in the MKII bioreactor

15 g.* batch and 700 glfeed glycerol (red trianglgs ) supportel semicontinuous cultivation
over 8 days to above 80 d.hiomass (black squards) through exponential feed addition (orange
diamonds! ) in the MKII airlift bioreactor at 354.5 L working volume scale. Intracellular
phycocyanin (blue circles) was maintained above around 20 mgtfyroughout the study.
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3.5.b.iiMKIII Bioreactor negatively affected by biofilm bujidon the sparger
Figure3.5-6 demonstrates a successful glycerol based cultivatioBatlieriain the MKIII bioreactor

at 42°C, with a constant air flow rate of 3.0 L.miand a changing volume due to feed additioom
3.5¢ 4.5 L. An initial starting substrate of 7.0 frhaintained a growth rate of 1.27 for 2.5 days, at
which point exponential feed (425 d)Lset at 0.9 daymaintained a growth rate for the following 4.5
days at 0.8 day; for a final biomasef 74.1+0.22 g.t! and a yield of 0.54.

Glycerol was maintained below detectible levels throughout the duration of feeding, however
intracellularphycocyanin was found to slowly drop throughout the caltion from34.0 £0.21 to 22.8

+0.70 mg.g. Accordinglyduring 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 thMKII 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

100¥ ¥ 1 1 50
feeéing
— 40
g 2
— —

! : 5. o
25 ® s *a © 30 < 3 3
=S feeéing . 5 o Q &
< c =) . . ('_[3 Q -
35 508" : ! So2
E < ) / i Q g 3
O c 24 : : 20 — .8
o | 72/ R Batch Phase | Feeding 0.9 o e
> Bestit valles . =1
e 0-/ Stope [ 1277 30'799.1 >

0 2 4 : 6
Time (days) — 10
0 A —h T4 4 /'y 410
0 2 4 6
Time (days)

Figure3.5-6 - Oxygen limited glycerol culture in the MKIII bioreactor

7 9.2 batch and 425 glfeed glycerol (red trianglgs ) supportedsemicontinuous cultivation
over 6 days to above 74.1 g.hiomass (black squards) through exponential feed addition fror
day 2.5 at 3.5 4.5 L working volume scale. Intracellular phycocyanin (blue cirdjegadually
reduced during the serdontinuows phase, as oxygen saturation (green inverted triangleéslso
decreased to a low of 28 %.
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rapid adherence, impairing bubble generation and oxygen transport in thetoeat later stages of
the experimentindeed the continuous cultivation described in sectidrb.cused the MKIII reactor a
few months before, and did not display significant impairments in oxygen saturaidater study

using a cleaner sparger (in the MKIV reactor with a removable sp&igare3.5-7) oxygen was

maintained throughout the study, further supporting this hypothesis.

Nevertheless, the process parameters continued to shamprovement compared with previous
designs, with very high biomass and phycocyanin productivities 3278 g.tX.day'and 936+ 292

mg.L.day respectivelyfor the final 24 hours of cultivation.

3.5.b.iii MKIV reactor successfully demonstralégh intracelltdr phycocyanin
with high oxygen saturation
The MKIV reactor culminated all of the experiencéhia fabrication and the processf cultivating

Galdierig 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 ephmwvever this is not thought to have a
direct contribution on phycocyanin productivitgompared to either ammonium sulphate or

ammonium hydroxide, as described in sectibi.

Figure 3.57 adds further evidence supporting improvements in phycocyanin production and
intracellular expression in ourréft system. Exponential growth on glycerol initiated at 20%dpAtch
substrate concentration was maintained over a period of 7 days averaging a growth rate of’0.81 D
despite feed pump blockage towards the end of the study. Oxygen was maintainbayatsaturation
throughout the study, indeed correlating with a very high intracellular phycocyanin content reaching
37.7 £2.4 mg.dt at the end of the batch phase at day 3.5, and 45320+mg.g" by day 7 when feeding

was stopped. This compares favoulsatvith our own stirred tank data that reaché®.8+ 0.8 mg.g*

on glucose in the batch phase, the difference suggested to be caused by a short period wherein the
oxygen concentration dropped between days 2 an#igyre3.4-5). 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 probéekd further supporting this conclusion is the fact

that no effect on phycocyanin was observed. A total of 950 mL of 56Mtyterol feed was added
resulting in a final dry cell weight of 58:0..2 g.t* and a yield of 0.48, comparable to figures reported

in the literature.

82



Dry cell weight (g.L™),
[Glycerol] (g.L™), Ycpeix (Mg.g™)

High phycocyanin productivity cultures in custom airlift reactors Thomas Burns

A final 24 hour phycocyanin productivity of 118869mg.L.day was achieved, with a finablumetric
concentration of 2619 mg.tL. Biomass productivity is relatively low due to the lower final biomass
concentration, at 22.1 0.13 g.t2.day:%. This in turrdedto a high phycocyanin yield on substrate of
21.8 mg.d glycerol, significantly higer thanthe most successful heterotrophic cultivation reported
in the literature, at 11.5 mg-fglucose(Graverholt and Eriksen, 200Thanks to the high intracellular

phycocyanin concentration caused by the high oxygen saturation provided by the airlift reactor
system.
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Figure3.5-7 - Improved MKIV reactor oxygen leads to high intracellular phycocyanin in semi
continuous cultivation

G. sulphurariavas cultivated in the 4 L MKIV airlift bioreactor in-featch with 20 g.£ glycerol as
initial substrate and 500 gliglycerol feedingsolution initiated at day 3.5. Oxygen (Measured gre
diamondsl ; Trace information from bioreactor green lifewas maintained above 85 % through
the study despite rapid growth and high carbon concentrations. A drop arddnd day 6 was
caused by &uild-up of biofilm on the dissolved oxygen probe, which returned to >85% after
cleaning. Dry cell weight (black squafelincreased exponentially except for a period of pump
blockage at day 6. Intracellular phycocyanin (blue circleseached 42 mg:bfollowing the batch

phase and 45 mgigy the end of cultivation. Glycerol (red triangle9 was maintained close to
zero during feebatch phase.
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3.5.c Continuouscultivation on glycerol andopulation changes in
LIKE O208ét yAy 2@SNLBAMiRrdzOAYy 3 avYdzilyaaé 27
3.5.c.i Continuous cultivation in the MKIII bioreactor
Galdieriawas cultivated over 22 days to investigate phycocyanin productivities on glycerol and
biodiesel derived glycerdTable 3.5-1, Figure3.59). Biodiesel glycerol is discussed sejaly in
section5.2.d.ii. The MKIII bioreactor was operat@dtially at 42C and 3.5 L working volume, with an
initial substrate concentration of 10 gtlglucose. Batch phase growth proceeded for 2 days before
initiation of a semtontinuous exponential phase with a feed concentration of 540 glucose,
providing a dry cell weight of 27.7 g.and 31.4 mg.gintracellular phycocyanin at initiation of the
continuous phase. Dilution rate varied slightly throughthé 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 measulaity in order to calculate resultant

dilution rates.

Biodiesel glycerol at 9 % (90¢.was used over 3 days at a dilution rate of 0.43, followed by a period
of rapid dilution at 1.04 da¥/for two days using 10 % biodiesel glycerol feed. The higher growth rate
did initiate a downwards trend of indicellular phycocyanirF{gure3.5-9, days &), which recovered

as the dilution rate was reduced to 0.7 daiglays 9 10). 20 % biodiesel feed provénl be a much

too high glycerol concentration for continuous cultivation (230"y.leading to an increase in glycerol
concentration in the medium (days 1012.5), anda reduction in phycocyanin to 23.6 mg,@s well

as a lowered yield of biomass oR(Table3.5-1).
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Intracellular phycocyanin recoved to 29.9 mg.gwhen the feeding solution was changed to 100 g.L

! purified glycerol and at a dilution rate of 0.73 dafyom days 12.5 to 15, leading to the highest

phycocyanin productivity of the experiment of 1783203 mg.L.day at 42°C. This is significantly

higher than that reported in the literature for a continuous heterotrophic cultivation of 861 rhddy

1on 150 g.t2 glucose at a dilution rate of 0.6 dayGraverholt and Eriksen, 200Apxygen was

maintained above 75 % throughout the study at an air flow rate of 4 (i3 VVM) compared to

the 3 VVM used by @verholtand EriksenThe higher productivity of phycocyariompared to the

literature is a directonsequencef the higher intracellular concentration of 29.9 mgapmpared to

15.6 mg.g reported in continuous culture, and also coincides with a ratio increase of 45.2'mg.g

compared to 26.7 mggreported for semicontinuous cultivatiorin this chapter and the literature

respectively(Graverholt and Eriksen, 2007)hese data demonstrate the productivity advantages

achievedby our airlift systenover the use of stirred tank reactors for the cultivationGdldieria.

Table3.5-1 - Continuous cultivation oBaldieriain the MKIII bioreactor

Condition 'I[ir:weervaISUbstrate So |D (dayY) I\:/)vreyigt?t” P Yys (9.9 PhycocyanifPonycocyanin
(days) 0.1 (g.L.dayy)| *¥¥ 7 mg.gh)  |(mg.L.day)
MeanSENMeanSENMeanSEMMeanSEMMean [SEM|MeanSEM
Batch 1.82 Glucose 10 0.00 1.2 0.8 0.0 00 141 3.2 0 18
Fedbatch 2.94 Glucose 540 0.00 27.7 0.3 0.0 0.0 0.050.0 314 15 O 107
BDG 9% 3.05 Biodiesel glycero90 0.43 0.0 33.7 0.4 145 1.7 0.38 0.0 30.8 2.3 453 161
BDG 10% 1.98 Biodiesel glycero11l5 1.04 0.1 42.8 2.1 41.7 5.4 0.37 0.0 275 3.2 1126 165
BDG 20% 2.50 Biodiesel glycero230 0.70 0.1 53.0 2.6 36.9 4.8 0.20 0.0 23.6 1.2 1210131
Gly100g.L 422.69 Labglycerol 100 0.73 0.0 58.6 2.6 42.8 2.1 0.59 0.0 29.9 1.8 1703204
Gly 100 g.L #4¢3.76  Lab glycerol 100 0.63 0.0 51.6 2.7 32.5 1.9 0.52 0.0 184 2.5 949 182
Gly 100 g.L 3¢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.iiPopulation changes affect phycocyanin productivity
Oxygen is not the only physical parameter observethtionencepigmentation changes iGaldieria

When the dilution rate and feedoncentration was maintained at 100 g.and 0.63 day, but the
temperature increased to 47°C, intracellular phycocyanin concentration reduced from83.840

12.44+ 1.5 mg.¢ from days 15; 19 (Figure3.59). This did not recover when the temperature was
subsequently reduced, as is observed when phycocyanin in inhibited by low oxygen saturation (e.g.
Figure3.4-6).

Solid media preparations of sampleddentify single coloniedemonstrate maintenance of the darkly
pigmented coloniegFigure3.5-8 A), who overproduce phycocyanin in the dark, with a population shift
after cultivation at 47C on day 15 indicating the appearance of less pigmented coldfigge€3.5-8

B, G. This population change coincides with a reduction in specific phycocyanin. It is important to note
that plate medium is 5 giiglucose and grown at 3C in the darkyet 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 lossfghycocyanin productiomlue 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 strefigufe3.5-10).
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Figure3.5-9 - Continuous cultivation ofGaldieriaon glycerol between 37 and 42

A- G. sulphurariavas cultivated in the MK 11l bioreactor at 3.5 L scale under continuous conditions. Oxygen (greerddiajn@s maintained above 50
throughout the study. Dry cell weight (black squafesand intracellular phycocyanin (blue circley remained relatively stable throughout the studly,
whilst glycerol (red triangles ) shows a spike between days 10 and 18 R&sultant dilution rate (maroon hexagoag and the glycerol feed substrate
concentration (Orange diamonds) varied throughout the study. Culture temperature was changed at days 15 and 19, and oxygen safgiredion
inverted triangles)] ) was maintained as high as possible during the cultivation by 5.0t amiflow.
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adil e (e e%q\

Figure3.5-10- Single colonies from high temperature cultivation are maintainedrthg subculture

Pigment phenotypes between 141.Y, G and DG are demonstrated, with Y having the least ar
having the most phycocyanin. More information on the strains may be found in s&8dn
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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 longeterm continuous cultivation oGaldieriawas performed in order to generate large
quantities of phycocyanin. Cultivation was initiated onSl@.L"* glycerolat pH 2.0 and 4Z with 6.0
L.min? air flow at 4.0 L working volume in the MK 4 airlift bioreac®atch phase growth proceed

at 1.0 day* and reached a biomass concentration of 5.6'dpy day 3. At this point, sertbntinuous
growth was initiated at a rate of 0.6 dayvith 800 g.E glycerol feed. Nitrogen addition occurred
automatically undepH feedback control with 10 M NBH used to maintain pH 1.9 in the reactor.
500 mL of semtontinuous feed was added untlay 7, at a resultant growth rate of 0.54 dayo a
biomass concentration of 43.4 ¢.LOn day 8, continuous flow of 120 gnitrogen free glycerol feed
was started at a dilution rate of ®day’. At day 15 the dilution ratand feed glycerol concentration
was increased to 0.7 dayand 130 g.t respectivelyfor the remainder of the experimenfFigure

3.6-1).

During thecontinuous flowperiod at a dilution rate of 0.6 d&ya mean biomass productivity 82.3

+ 0.8 g.L*.day? for a yield on substrate of 0.435, very closepi@viously reported data ¥ 0.43)
(Graverholt and EriksenP7). The culture produced a high phycocyanin productiwitjchwas 1151

+ 61 mg.tt.day! compared to the literature (861 mg.L.dgyrepresenting a yield of phycocyanin on
glycerol of 15.5 mg:l Increasing the dilution rate and feed glycerol in@ed biomass productivity

to 40.5+0.6 g.L.day, for a Y;s of 0.45. During thiperiod oxygen dropped slightly compared to at 0.6
day! dilution rate (85¢ 75 % saturation), however, intracellular phycocyanin continued to increase up
to a high of 41.0 mg™ on day 20, producing a very high phycocyanin productivity over the last three
days of 1560 57 mg.L.day, almost double that previously reported in the literaty(@raverholt and
Eriksen, 2007)
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Figure3.6-1 - High phycocyanin productivity continuous cultivation &faldieriain the MK 4
bioreactor

Refined glycerol (800 gtffed batch, 120 g:tcontinuous feed) was used to cultivati@aldieriaat
4.0 L scale in the MK 4 bioreactor af@2Biomass (black sgeaid ) was grown up to 45 glin
semicontinuous conditions up to day 8, at which point continuous flow of feed was started at
dilution rate of 0.7 day for a 12 day period. Automatic addition of 10 M JIHi maintained the pH
at 2.0 and formed the mainitrogen source for the culture. Phycocyanin (blue circlgss
maintained above 35 mgighroughout the continuous phase, accordingly with high oxygen
saturation (green inverted triangles ) in the reactor throughout the same period.
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3.7 Discussiomand conclusions

3.7.a.i Heterotrophic cultivation oBaldierissuggestdetter industrial performance of
phycocyanin extracts comparedAothrospira
Whilst Galdieriahasa far lower intracellular phycocyanin concentration otween 10¢ 40 mg.¢

compared to 10@ 150 mg.d for Arthrospira(Eriksen, 2008superior stability performance may hold

benefits for application in its use as a food dyerréut 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 weékse chromophore of
phycocyanin (pg O2 O y20Af Ayo0 Aa | fAYSEFENI GSGNILRNNRES K
FYyR I &adzodzyAta 2F GKS LINRGOSAYIS gAGK (GKS St SOGNR:Z
and electronic structur€Stec et al., 1999) oss of the tertiary and quaternary structure of the protein

relaxes the tetrapyrrole, altering electronic interaction and changing absogbftom 620 nm to the

400 nm range, leading to a colour change from blue to oraRggife3.3-2).

Whilst is has not been identified, it is thought ththe thermophilic nature of5aldieriahas led to a
more stable amino acid sequence of its phycocyanin comparé@dhkwospira Indeed this is observed
strikingly by the resistance to degradation by heat, even at 55°C compareékthoospirg as
demonstrated in sectio.1. Along with this stability, a greatly reduced allophycocyamintentis
observed in heterotrophic cultusof Galderia, both compared to auteand mixetrophic cultivations

of itself (Stadnichuk et al., 1998as well ag\rthrospiracultivations which are almost always autwr
mixo-trophic (Chen and Zhang, 199A)llophycocyanin is very difficult to separate from phycocyanin,
as it is a similarly water soluble globular protaimd requires expensive chromatographic techniques
(Sgrensen et al., 2013recluded for use in food manufacturing which is highly dependent on cost
and throughput. Datalemonstrated here additionally shows a compounded problematic effect of
phycocyanin colour stability when in mixture with allophycocyafiigure3.2-5), further adding to

desirability of a heterotrophic, neallophycocyanin producing process, compared to alternatives.
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3.7.a.ii Intracellular phycocyanin sensitivity dspects oheterotrophic cultivation of
Galdieria
Three key outcomes of the studies presenteat 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, heterotooparbon is well characterised to
impair photosynthetic apparatus, with the mechanism in part due to the downregulatioibubse
1,5-bisphosphate carboxylase/oxygenase (Rubiasayell as photosystem Il reaction centre proteins
(Oesterhelt et al., 2007 his inhibition of pigmentation normally occurs for most strain&aldierig

with many heterotrophic strains observed as white or brown in gol@&ross and Schnarrenberger,
1995, Graziani et al., 2013As such, the phycocyanin overproducing strains seem erroneous, but
nevertheless a natural phenomenon as they have arisen during normal laboratory cultivation
spontaneoust (Gross and Schnarrenberger, 199B) at least two strains ACUF 0@ad 141. As
expected these pigment variants grow slower than those with less pigmEaldg3.3-1), and without

a known technigue to produce the varianthe strategy must be to maintain them in favourable
conditions, particularly considering the underlying background of a few revertants observed when

single colonies are generateHigure3.5-8).

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 alsalisplays significant antioxidant potential, with a variety of studies showing this
capability bothin vitro, ex vivandin 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 foéealaoxidation.
Indeed, such oxidative stress would also occur during photosynthesistatrophic cultivation, as

well as the direct activation of phycocyanin promotor systems that are activated by(l@gstérhelt

et al., 2007). Further supporting this notion is evidence than under low oxygen (<30 %) heterotrophic
conditions, phycocyanin expression is promoted by high intensity interval({@gnaet al., 2018)
despite evidence that this would not initiate photosynthesis as mixotrophy does not ocGatdieria

(Oesterhelt et al., 2007)
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3.7.a.iii Custom airlift bioreactors maintain high oxygen saturation and improve
phycocyanin productivity @daldieria

Table 3.3-1 provides an overview of the bioreactscale cultivations presented in this chapter.
Overall, the set of airlift bioreactors demonstrate much improved biomass and phycocyanin
productivities {53 ¢ 1703 mg.L.day and 9.9¢ 40.0 g.L.day) compared to our stirred tank
experiments (51¢ 67 mg.L.day and 5.4- 8.2 g.L.day respectively), and increased phycocyanin
productivity compared to the literature (maximum of 861 mg.L:§afGraverholt and Eriksen, 2007)
Final biomass concentrations were lowanr fthe airlift bioreactor studies than achieved in the
literature in stirred tank reactors (4Q 74 g.t* versus 24 ¢ 109 g.t!), however the much higher
intracellular phycocyanin content achieved by the airlift systems (up to 45.2mgrgus up to 26.
mg.gh) offset the differences in biomass productiviy such, the yield of phycocyanin on substrate
is greatly improved compared to previously reported data at 17.6 compared to 9.6 aylgon
substrate. These data provide strong evidence for &% of the strategy to improve oxygen

saturation during the cultivation dbaldieriain order to improve the productivity of phycocyanin.
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Table3.7-1 - Comparison of heterotrophic cultivations Glldieriaat bioreactor scalén Chapter 3

Culture O, range XFinal Pepe

Carbon period (mean) S (@@L p/ D Px (gL (gL (mg.L Yuwepe (Mg.g Figure /

Date Strain Reactor source  Scale (L) (Days) (%) h (day!) tdayl}) b Yys ldayl) 9 reference
25; Figure
31/09/2017 141.DG STR; sermgont Glycerol 1.2-2.0 7 n.d. 500 1.09 54 23.2 0.39 66.8 9.2 3.4-2
40; Figure
20/10/2017 141.DG STR;semgont Glycerol 1.2-2.0 9 n.d. 500 0.8 20.5 0.197 50.8 9.33 3.43
Glucose; Figure
31/01/2020 141.DG STR; cont glycerol 2 17 50; 35 20 0.6 n.d. 9.1 045 546 32.8-7.8 3.45
Figure
22/04/2018 141.DG STR; sengont Glycerol 1.2-2.0 9 80;<10 24 0.6 8.2 43.7 0.47 n.d. n.d. 3.46
141.DG Bangert airlift; Figure
05/04/2017 reverted semicont Glycerol 2.5-3.0 11 100-10 24 095 9.92 43.1 0.23 2805 28.45 3.53
141.DG Bangert airlift;  Biodiesel 17; Figure
25/05/2018 reverted semicont glycerol 2.5-3.0 8 100-55 510 0.9 23.7 522 049 1694 3.0-10.6 3.54
MKII airlift; 15; Figure
14/11/2018 141.DG semicont Glycerol 3.5-45 8 n.d. 700 095 31.8 71.7 0.57 658.2 16.7-26.7 3.55
MKIII airlift; 100 - 28 Figure
12/05/2019 141.DG semicont Glycerol 3.5-45 6 (78) 7,425 0.8 39.72 74.1 0.54 936 22.8-35.4 356
MKIV airlift; 100 - 50 Figure
20/02/2020 141.DG semicont Glycerol 4.0-5.0 7 (90) 20 0.8 22.1 58 0.48 1188 13.8-45.2 3.57

Biodiesel

MKIII airlift; glycerol, 100 - 73 20 - 0.3 - 145 - 0.2 - 0.453 Figure
02/10/2019 141.DG continuous glycerol 3.5 22 (84) 540 1.2 42.8 0.52 1703 13.2-31.4 3.59
MKIV airlift; 10075 10.5 0.6, 32.3 ¢ 0.44 1150, Figure
14/07/2020 141.DG continuous Glycerol 4.0 20 (86) 130 0.7 40.5 59.6 0.45 1560 31.9-41.0 3.61
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4.1 Introduction
Acidophilly
Akeyproperty promotingindustrial biotechnadgical use oGaldieriais the low pH in which it thrives

This is widely purported to impede culture contamination when exogenous carbon substrates are
used, as well as provity an optimallysoluble environment for its primary nitrogen source of choice

¢ 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 transporteresgs{Lamoureux et al., 2010)
resulting in a proton being left behind outside of the cell during uptégures.2-3).

Observations demonstrated that even under very low p8aldieriais still susceptible to fungal
contamination when grown in unsterile @imonments in heterotrophic conditionfCarbone 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 asllowing the use of even more acidic (camtination resistant) medidor
continuous bioreactor operation without affecting growth rate or phycocyanin production of
Galdieria

Applying pH

The cell growth dependent reduction in mhlring cultivation ofGaldieria(Oesterhelt et al., 2007)
provides an interesting opportunity to utilise pH computamtrolled basic ammonium soces
(ammonium hydroxide, ammonia gas) to maintain nitrogen levels in growth mediiema key
purported nitrogen storage compoun(Eriksen, 2008)maintaining high nitrogen lel® during the
cultivation ofGaldieriafor phycocyanin production is an important process considerafinre to the
highly dynamic expression of phycocyanin during both physical parameter changes and growth phases
it is presumed that the actual nitrogengeirement 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 agfyect 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 cultivatioGafdieriain both flask
(Oesterhelt et al., 2007and bioreactor scalgSchmidt et al., 2005})he relationship between pH and
phycocyanin has not been studied. Uptake of ammoniur@aldieriais thought to be the main driver
of growth dependent pH lowering, however is not clear whether other mechanisms are also
interacting. Ammonium ia critical medium component for the expression of phycocyanin by the cells
Carbon:nitrogen ratiosn the medium were found to affect the expression of phycocyanin during
heterotrophic cultivation at flask scale, positively improved with greater nitrogen availabiitsatio
of 10:1 C:Nproducedthe most highly pigmented heterotrophic cultures at 80 mg.g' on glucosen
the literature (Sloth et al., 2006)Growth rates are also improved in autotrophic cultures with higher
nitrogen availability, with Minoda demonstratinthat doubling the concentration of inorganic
medium comg y Sy ia FNBY GKS @gARSte dzaSR @I fdzS& 2NRARIA
improved doubling times from 32 to 24 hou@llen, 1959, Minoda et al., 2004jowever, ive-fold
increases in medium components did nd¢émonstrate 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 19dhmidt et al., 2005Higherrelative uptake of
nitrogen was also observeith heterotrophic cultures grown on glycerol compared hexose or
pentose sugars (X 11.6+0.8 vs 15.20.6 respectively)co-ordinating with differences in intracellular

phycocyanin concentrations (4 vs 10 my.(Sloth et al., 2006)

4.2.a pH changes during cultivation &aldieriaaffect 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 géistanded

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 optiomsre determined potentially suitable for use in the
high proton medium ofSaldieria HClglycine, with a pKa of 2.35 and working range of pH- 3.3
(Dawson, 196Q)r for higher ranges, sodium acetatéth a pKa of 4.76 and range of 3,6.6(Ruzin

1999) Both of these buffer systenase precluded for use during the cultivation of a heterotroph, as
Galdieriamay readily metabolise both glycine and acetathilstglycinemay be metabolisedt was

found that ammonium is a preferred nitrogen seerwhen in the presence of amino aci@®oth et

al., 2017) Glycine was able to support a growth rate of 0.43%da&g such, the simple dipepe glycy

glycine was selected in an attempt to overcome this isgi#eno known dipeptide transporteare

thought to be expressed bgaldieria(Schénknecht et al., 2013, Jain et al120
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A first experiment was planned in Erlenmeyer flasks at 100 mL working volume. The experiment was
performed in the 37C communal constartemperature room and was forced to be halted after 3

days due to fungal contamitian (contamination in cultures is discussed further in sectia)).

In order to prevent contamination, the experiment was repeated with a different sahwuder to
cultivate at 42C. Cultures were grown in 250 mL Duran flasks at 100 mL working volume in a water
bathat 42°C with160 rpm agitationKigure4.2-1). Dglucose(20 g.t2) was used as the growth limiting

substrate.

Figure4.2-1 - Cultivation ofGaldieriain a shaking water bath using 250 mL Duran flasks

A lack of appropriate equipment at certain stages of the project required some adaptatic
order to provide the appropriate physical conditionsgiamw Galdieria
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Figure4.2-2 - Hydrogen ion release correlates with uptake of NHom growth medium

A ¢ Growth curves of 20 glglucose flask cultures grown at42in a shaking water bath. Culture
vary by initial pH. pH 2.0 control medium (blue leis¢ ) and control + glyaylycine buffer (red
squaresA ) were used to provide standards whilst starting pH of the other cultures was adjust
pH 2.6 (green triangles ), pH 3.1 (purple triangles ), and pH 3.6 (orange diamond3. Bq
hydroxyl concemation in the medium as measured by pH probe, reductions infer decreased ¢
increased Hin growth medium. @ Total concentration of N in the medium as determined by tr
Berthelotreaction.
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Table4.2-1 ¢ Heterotrophic (20 g.E glucose)pH study with 50 mM glycyglycing(GLY Chuffer

pH 2.0 pH 2.0 pH 2.6 pH 3.1 pH 3.6

No GLYC + +GLYC + +GLYC + +GLYC + +GLYC =+
>max (day?) 1.01 0.05 0.92 0.08 0.98 0.09 1.03 0.08 1.01 0.10
Final DCW
(mg.mLY) 8.97 0.27 9.23 0.48 8.97 0.12 9.60 0.17 9.60 0.06
Intracellular
phycocyanin
(mgg™) 6.60 1.35 8.64 0.99 7.16 0.63 6.12 0.38 4.03 0.93
Yuis 0.45 0.01 0.46 0.02 0.45 0.01 0.48 0.01 0.48 0.00
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Figure4.2-3 - Increased hydrogen ions in culture medium correlate with intracellular phycocyanin
concentration

A Delta [H] after 167hour flask cultivation, with varied starting culture pH: iBtracellular
phycayanin concentration after 167 hours. CirclepH 2.0 control medium; SquardspH 2.0
medium + 50 mM glycdlycine buffer (GLYC); triangfespH 2.6 adjusted medium +GLYC; inverted
trianglesq pH 3.1 adjusted medium +GLYC; diamdngé{ 3.6 adjusted médm +GLYC
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Growth rates ranged from 0.92 (glycylglycine control) to 1.03 (pH 3.1)réaghing a highest QR

at day 5, followed by an expected declifiégured.2-2). The final dry cell weights (day 7) indicated no
significant difference from control as analysed by o & NB LIS G SR YSIF adzNBa ! bh:
multiple comparisons test, suggesting thelirgion of glycyglycine had no or only limited metabolic
effect (Table4.2-1). Despite the use of the buffer, pH rapidly dropped in all cultures atpavable
rates and magnitudeis accordance with growthas the nitrogen content in the medium also reduced
(Figure4.2-2B, C). Measured nitrogen was iaased compared to control in all cultures containing
glycylglycine, suggesting the ammonium assay was also detecting nitrogen from the @eptidee
expected Day 7intracellular phycocyanitontent was found to besignificantlyreduced despite
comparalle ammonium uptakewhen compared to control for the culture starting at pH JRigure
4.2-3B).

In Figure4.2-3, the concentration of protons added to the medium during cultivation correlates with
the intracellular phycocyanin concentration, suggesting a relationship between protein production
andacidification 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 sigaificeffect o growth rate as observed iRigure

4.2-2-A. These differences are further demonstratedHigure4.2-5.

It is unclear why an ineased 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 mechanismasobserved at this timeAnother pssibility is

that at higher pH valueghere is loss of nitrogen in the form of Mk particularly at the high
temperature of 42C, although the pifor the conversion of N to NH; (9.26)is much higher than

the highest pH used of 3.6.

The implication®f reducing phycocyanin expression ledhe development otultivation processes

utilisingmore tightly controlled pHanges.
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Figure4.2-5 - Relationship between phycocyanin expression and pH changgaiflieriamedium

Dry cell weight (black squards) is not influenced by variances in the change of pH during cultivatio
whereas increasedhb change, as monitored by the change in protor$ gdrrelates positively with
increased phycocyanin expression (blue circlgs

Figure4.2-4 - 2 L bubble column bioreactor
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4.2.a.iiContinuous 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 Gyalerol (5
g.LY) was selected in order to reduce influenof oxygen saturation or culture density, at a rate of 1.0
day?, whilst an air flow rate of 0.5 L.mirand 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 59 ldr KCH as

not to affect nitrogen concentration in thieeding solutions.

Figure4.2-6 demonstrates the changing parameters over time during the continualsvation.
Overall biomass concentration was maintained between 2,5541 g.I! (mean between feeding
solution conditions, se@able4.2-2), represeiing quite variable yield on substrates from 0.50.68.

Whilst 0.51 is certainly within the expected range, 0.68 is muohhtgh and cannot be reasonably
explained, although it is possible that the amount of glycerol added to the feeding solutionéat pH

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 medtomexample, a drop in
phycocyanin is observed between days 8, at whichglycerol was detected at 1.1 ¢.LGlycerol
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 L.6tglhy 13. The pH 8.5
feed had significant detrimental effects on the culture, and from dayg 26 the dry cell weight
dropped from 3.5 to 2.3 g}, with glycerol also increasing towards the end of this phase. Reactor pH
increased to a maximum of 3.2 day 25, whilst nitrogen was fairly stable, and phycocyanin dropped
to 2.6 mg.d-

When the feed phivas decreasedgain, some recovery of phycocyanin was observed, however a lack
of nitrogen in the reactor from day 29 seems to have impegiediuctionof phycocyanin beyond that

point.

Table4.2-2 - Investigating pH effects on phycocyanirGaldieriawith continuous cultivation

Period Intracellular

start  Period end Duration Biomass phycocyanin Reactor
Feed pH (days) (days) (days) (g.Ih +  (mg.gh) + pH
2.04 3 9 6 2.90 0.4 10.0 09 18
6.15 9 16 7 3.41 0.2 134 14 20
8.50 16 25 9 3.26 0.3 104 26 25
1.50 25 32 7 2.55 0.1 46 1.0 15
2.04 32 35 3 2.60 0.1 2.1 04 1.8
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Figure4.2-6 - Investigating pH effects on phycocyanin ®aldieriawith continuous cultivation

(I_ﬁ'ﬁw) ulueA202Ayd o1j100dg

Galdieria(black squareé ) was cultivated in the 2 L Infors stirred tank reactor continuously on“Sgiyterol at a dilution rate of 1.0 ddyfeeding solutions

of which have a vaed pH (orange diamonds). Oxygen was kept above 85 % throughout the experiment (not shown), whilst the nitrogen (purple trpsses
intracellular phycocyanin (blue circles), and pH (grey open circlées) vary significantly during the study. Glycerol (red squarsvas kept below 1.0 giL
during the continuous phase.
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Figure4.2-7 - pH 6.5 feeding solution unable to counteragrowth mediated acidification

25 g.t glycerol (batch) cultivation dBaldieriain the 2 L column bioreactor with automated {sitht
feed (200 g.t) at pH 6.5. Batch phase growth proceeded exponentially over the course of 5 di
a rate of 0.97 day (biomass, black squards), with automated feeding initiated at 4.86 days
(orange diamonds ). A large amount of feed was added over the course of two days as the fe
solution was unable to counteract growth mediated drop in pH (grey open cirgieéccordingly,
intracellular phycocyanin (blue circles) dropped as well as bioreactor nitrogen (purple crossgs
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 semntinuous cultivation
A semi continuous culture with a high pH feeding solution was investigated in a 2 L jacketed bubble

column reactor Figured.2-4), selected as it was antlavable following several contamination issues
during studies. Batch growth proceeded exponentially at 0.98'day25 g.t glycerol(Figure4.2-7

A), and the pH dropped in an exponential manner accordirfgiyufe4.2-7 B). Using a higher feeding

pH was intended to maintain a more stable pH, witbdedded automatically as a gitat 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
conentration after addition (feed is 200 g-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 (sed-iglse

4.2-2). Ploting change in biomass against change tridA concentration Figure4.2-8) suggested
0.0028 Yi+yx. Whilst expected, these data do not support theepious observations thgt [H] was

not related to biomass (Sectiah2.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 exponentiatell growth in the batch phase, and exponential decay offpgli(ed.2-7

A, B).
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[ Equation [ Y =0.002841*X - 0.0003808 |

Figure4.2-8 - Change in proton concentration is related to biomass

Biomass and proton concentrations are plotted for the first 7 data poinEgire4.2-7 and
demonstrate a linear relationship.
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4.3 Sterile nitrogen free heterotrophic mediumrfcontinuous

and semicontinuous cultivation in neautoclaved systems
Extremophilic organisms are widely reported to have key benefits for industrial applications due to

their specific environmental niches. Indeed, both organisms discussed here thaicerpdycocyanin
have opposing niches. platensiss found in alkaline lakes of subtropical African and South East Asian
regions, growing optimalaround pH 9.5(Chen et al., 1996)whilst Galdieria prefers low pH
envirorments growing optimally around pH 2(Gross and Schnarrenberger, 1995hese extreme
pHs are purported to imbue resistance to contamination from competing organisms, and iAdeed
platensisis able to be grown in effective monoculture outdoors in ranvironmentally protected

cultivation lakegPushparaj et al., 1997)

At pH 2.0, it is widely reported th&kaldieriashould displayat leastthe same level of resistande
contaminaton as SpirulinaThe mode of cultivation becomes important howegggaldieriahas been
demonstrated to be grown autotrophically outdoors (albeit in a sealed tubeprimary treated
municipal wastewater at scalSelvaratnam et al., 2014Wwhilst there is only limited literature
addressing unsterile cultivations containing significamhcentrations oforganic carbon substrates.
All reported hetere or mixotrophic cultivations have baeperformed in classical sterilisable glass
steel stirred tank reactorsor autoclaved Erlenmeyer flaskd smaller scale howeveiGross and
Schnarenberger, 1995, Minoda et al., 2004, Graverholt and Eriksen, 2007, Sloth et al., [2047)
worth noting is that there are several species of fundosexample the genu8spergllusresponsible
for global production of citric acidhat may be cultivated at pH 2.0 with relative egé@vonrChung
and Sugui, 2013)

Use of plastic reactors in this study precluded the opportunity to perform proper sterile techaique
bioreactor scaleso instead sterility was not adhered to in any way throughmaist of the studies
(particularly those in the airlift bioreactorsliscussed throughout thi$hesis. Looking towards low
cost industrial applications dbaldieriain 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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4.3.a Contamination oGaldieriacultures and medium at pH 2.0
Heterotrophic flask cultures dbaldieriawere prepared using standard 2x MAM containing 10t g.L

glycerol as the carbon source. Medium wag aatoclaved and sterile technique was not used to
prepare the cultures. pH was red by adding 0.k 0.5 % acidetween 3 flask replicates for each
condition using 5 M $5Q, providingmeasuredranges from pH 2.0 (2x MAM) to 1.0Blasks were
cultivated in a dark communal temperatuo@ntrolled room in the department set at 3Z on sshaker

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 usdd/ben triplicate conditions only as to avoid
experimenter induced cross contaminatiorable4.3-1 demonstrates the incidence of contamination
during theexperiment. During the 7 days of cultivation, no contamination was observed for cultures
at pH 1.39 or 1.090.3 or 0.5 % [H), whilst fungal contamination was observed after 3 days at pH 2.0
and 4 days at pH 1.69.

More anecdotallyseveral attempts ofunning continuous culturealso encountered problems with

the feed medium becoming contaminated. Initial considerations were that the higher substrate
concentrations (e.g. > 100 d.glycerol and > 25 gllammonium 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 trappetie 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 somawdtordance with

the literature, however Oesterholt found no effect on growdte for cultures grown at pH 1.0. It may

be that the suboptimal temperature used here off87compoundea negative effect on growth rates

of Galdieria(Oesterhelt et al., 2007)These data provide relevant considerations for industrial use of
Galdieriaat scale, with more recent literature focussed on boosting phycocyanin productivities by
cultivating at lower temperature¢Sloth et al., 2017)Cost of equipment for sterile cultivation of
microorganisms at scale is significant, and usually meistfset by production of extremely high value
products such as biopharmaceuticéidoran, 2013c)As a bulk food ingredient phycocyanin does no
represent such a high value produdéspite several authors suggesting otherw({&iksen, 2008,

PerezGarcia et al., 2011, CueliBermudez et al., 2015)
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Table4.3-1 - Contamination ofsaldieriaflask cultures at 37C

Contaminated?

pH (measured) 2.00 1.69 1.39 1.09
+ % HSQ + 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
max? N N N Y
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43Db Semicontinuous and continuous cultivations GRldieriawith

automated basic nitrogen sources
In sectiord.2we 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 NH*, is taken up by the cell&urthermore, higher medium pH influenced the uptake of
nitrogen and release of protons, negatively affecting phycocyanin expreSsctiond.3.aidentified
specific problemspreparing glycerol based continuous and s@wmmtinuous cultures for the
cultivation ofGaldierig overcome by exploiting the acidophilic nature of the organism. In this section
we apply these techniques ftine high-density cultivation ofsaldieriaand production of phycocyanin

and investigate how the kinetics of nitrogen uptake and proton release may be exploited.

4.3.b.i Semicontinuous cultures
Figure4.3-2 demonstrates a successful glycebalsed cultivation wherein ammonium hydroxide is

used to maintain nitrogen levels in the reactor during feedi@gldieriawas cultivated in the MK 11|
airlift bioreactor at 42C with 7.0 g.t glycerol as the starting carbon substrate and 425 gli.cerd
in the feeding solution. The feed contained no nitrogen source which was instead provided by

automated addition of 10 M NDH 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 mairgdibetween 1.4 0.6 g.t! in the reactor
despite rapid growth to high cell density of 75Yih 6 days and addition of 150 mL 10 M J9H
during feedingThe yield of biomass on nitrogernxy for glycerol was found the higherthan in the
literature, reaching 15.4 gy compared to 1.6 g.g* reported (Sloth et al., 2006)although this is
closer to the 15.9 g-¥found for sugarg¢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 tempeeratur
stirred on a magnetic stirrer. It is likely that the high carbon concentration, lack of nitrogen and low

pH contribute beneficiallyo this observation.

Growth wasconsiderably faster thathat reported growth in the literature, the highest of which
reached 109 g.t dry cell weight after 16 daysndicating no detrimental effect to the process when
using the automated nitrogen systemhese data aldoirther support the need for oxygen to promote
production of phycocyanias discussed in Chapter, ®xygen reached a low of 28 % saturation at day
5.5, and ceordinates with a reduction of intracellular phycocyanin towards the end of the cultivation

to 23 mg.d. This is similar to reported productivities, the highest of Wh#&267 mg.g* (Graverholt
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and Eriksen, 2007The reductin 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 spéfggprred.3-3).
That experiment usgNH; gas, but importantly the oxygen de@otreduce below 80%, and produced

an intracellular phycocyanin of 45 mg.at the final sample.
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Figure4.3-1 - Change in biomass relates to change in protons
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Figure4.3-2 - Ammonium hydroxide based semi continuous cultivation

A¢ Cultivation ofGaldieriaover 6 days with 500 gllglycerol feeding addition from day 2.3 at 1.
day' intended growth rate in the MK 3 airlift bioreactor. Dry cell weight{gAL ; Glycerol
concentration (g.£) p ; Growth medium oxygen saturation (%) Specific phycocyanin
concentration (mg.g), .

B ¢ Maintenance of medium nitrogen concentratierthrough pHI  control. Nitrogen maintained
between 0.5¢ 1.5 g.t* throughout the course of the study through the automated addition of 1
mL 10 M NEDHp . The downwards trendf medium nitrogen may be explained by the differel
between the feeding solution (pH 2.0) and reactor (pH 1.9).
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NH
Use of ammonia gas identifies as a more reliable technique of adding basic nitrogen to the system

without generating highg pH localised zones due to inadequate mixing, particularly important for
scalability Section6.6 outlinesthe system setup for this type of contrdhstead of a peristitic pump
to add ammonium hydroxidea solenoid valve manages ammougjas 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 imot readily changed by addition of gas, compared to hydroxide solution,
simplifying process kineticand particularly important when using airlift reactors as volume changes
will affect mixing profiles more so than in stirred tank systeinadequate mixig is overcome, due

to the much larger contact area of gas bubbles compared to a liquid hydr@sdine 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 exaiige 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 0.8 1.5 g.t, despite a total of 43 g of ammonia gas being added over the
course of 7 dgs Figure4.3-3). pH is observed to drop at the start of the study until day 3, at which
point the ammonia control system was activatéah increase imitrogen concentration in the reactor

is observed following the initiation of this system from day$ 3coinciding witta drop in intracellular
phycocyanin mediated by the slight increase of medium glycerol during the same period. As glycerol
reduces inthe reactor, phycocyanin increases and nitrogen becomes stable at 0'5fag.lthe
remainder of the experiment. These kinetic interactions support the evidence discussedtion
4.2.awherein phycocyanirproduction was affected by Hrelease 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 pameters.

A final ¥ of 8.3 g.¢ was determined at the end of this study, significantly less efficient than
previouslyshownin section4.3.b.i(15.9 g.d). It may be that some NHas did not dissolve fully into

the reactor medium during its addition, compared to the other experiment wherein 10 MONH

was used. Several effectertribute to explanations for this difference. MBH is highly volatile and

as soon as the chemical bottle is opened begins to lose ammonia from its highly saforatesf 30

% in water, as well as some lost during the preparation of the 10 M solutio®.vé&ry high
concentration of phycocyanin in this study is likely to have influenced this parameter, especially when
comparing to the literature. Sloth found axof 11.6 compared t015.9 g.d for glycerol or sugars

respectively, and phycocyanin expriegswas significantly different between the carbon substrates at
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20 mg.g for glycerol cultures and-8 mg.g* for glucose and fructose. Indeed the experiment
describedin this section has an even greater intracellular phycocyanin concentration at 45,mg.g

compared to that irsection4.3.b.iof 23 mg.d-.

Feeding Pump blocked

=100

(%) cO

=50

Dry cell weight (g.L™),
[Glycerol] (g.L™), Ye.pex (Mg.g™)

Time (days)
3000

"IOA

= 2000

= 1000

H, [NH4-N] (g.L™)

(4.7 Bw) uiueAoooAyd
Aanonpoud

p

o

0.0 i —T I
2 4 6

Time (days)

Figure4.3-3 - Semicontinuous cultivation ofGaldieriausing automated NH3 gas as
nitrogen source

A¢ Cultivation ofGaldieriaover 7 days with 500 gliglycerol feeding additiofrom day 3.5
at 1.0 day intended growth rate in the MK 4 airlift bioreactor. Dry cell weight{gA_;
Glycerol concentration (gl).p ; Growth medium oxygen saturation (%) Specific
phycocyanin concentration (mgtp, . Biofilm buildup on dissolved oxygen probe
contributed to drop in measured oxygen saturation around day 6.

B ¢ Maintenance of medium nitrogen concentrati@n through pH+ control. Nitrogen
maintained betweer0.5¢ 1.5 g.t* throughout the course of the study, despite a total of
g NH added. Volumetric productivity of phycocyanin (m.A increases exponentially
with cell growth.
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4.3.h.iiContinuous cultures

NHOH
In a continuous system, the relationship between pH and addition of basic nitrogen differs tq semi

continuous,due to material continuously being lost from the mass balaiigogen is lost in two
formscA Y 0 SANF GSR 6A0GKAY (e 8mmdBuimiofsan the Médiyirdn this CakeR & =
additional acid is required in the continuous feed to replace that lost from the sysasnmwvell as
facilitate the automated addition of basic nitrogeAcid more readily dissolves in glycerol solutions
than anmonium sulphate, and has the added benefit of inhibiting contamination of the glyiesd|
solution, simplifying capital equipment and ensuring sterility. Mixotrophic outdoor / unsterile cultures

are reported to have failed due to fungal contaminatiore\at pH 1.§Carbone et a).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 lie prepare starter batch medium with a very low pHd
free of nitrogen Following inoculationthe pHwould be raised to 2.@ith basic nitrogen addition over

the course of the first few daysit a rate relative to the growth exponent.
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Fed tiatch
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Figure4.3-4 - 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 7gjlyderol
preceded by a sentiontinuous phase from day 3 to day 6. Nitrogen is added automatically to
maintain a pH of 1.7 throughout the studly Dry cell weidpt (g.1%) A ; Glycerol concentration (g%
p ; Growth medium oxygen saturation (%); nitrogen concentratiorfg.L?) x, specific phycocyan
concentration (mg.g), .
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Using an acid ewentration proportional to that of the carbon in the continuous feed, as would be
done for nitrogen, ensures the correct stochiometric addition of baldmasicnitrogen to support

continuousgrowth and phycocyanin production (®aldieria

Figure4.3-4 and Figure4.3-5 provide two examples where the acidinitrogen free continuous
medium is able to maintain stable nitrogen concentratidheough automated pH contrain the
bioreactor for the cultivation oGaldieria InFigure4.3-4, 20 g. glycerol is used as the starting carbon
substrate in the MK Il airlift bioreactor at 3.5 L scaléC4avith 3.5 L.ay* sparged air20 g.t* glycerol
supported growth for three days at 1.18 dgyat which point semcontinuous phase was initiated on
600 g.t* nitrogen free glycerol feed at pH 1.7. Pump blockage prevented the addition of feed between
days 5 and 6, sthe continuous flow phase was started at day 6 on 758 glycerol feed Continuous

feed had acid at 1:10 C'Fatio, as the Hreplaces nitrogenAn initial spike of glycerol was observed,

in tandem with reduced phycocyanin, which was alleviated at dagti® intracellular phycocyanin

recovering to a final of 23 mglg

Nitrogenin the reactor is maintained around 5.0 ¢,lexcept at day 7, wherexcess foamingn the
reactor led to some culture logerough the exhaust portOverall, the automated system was able to
tightly control pH during the cultivation, maintaining nitrogen in the system despitelmingpresent

in the continuously flowing feed.
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Figure4.3-5 demonstrates an even more stable nitrogen concentratimintained under continuous
flow conditions around 1.0 g:L, using the MK 4 bioreactds0 g.L* glycerol feed contained 1:20 C:H
(Table4.3-2), and nitrogen was added automatically in the form of 10 MO in order to maintain
a pH of 1.95 throughout the cultivation. Batch phase groatth rate ofl.18 day! was observedintil
day 3. At day 4, continuous flow was initiatatl0.7 D', and the cell concentration in the reactor
increased to 25.5 gl at which point continuous flow rate was changed to 1 0f@ the remainder

of the experiment.

pH ard 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 guigdough to maintain low glycerol
concentrations at the high dilution rate of 1.0'Oeading 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 even with the high dilution rate, as the oxygen is maintained near

saturation throughout this period.

Table4.3-2 - 50 g.t* glycerol continuous nitrogen free medium

First continuous Mr Conc (g.B) M
Glycerol 92.09 50.00 0.543
K:HPQ 97.994 2.5 0.002
MgSQ.7H0 136.09 2.5 0.018
CaCGl2H:0 147.02 0.25 0.002
Carbon 1.629
Nitrogen at 20:1 0.081
mL 5 M HSQ 16.288
mL conc KFB5Q 4.426
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Figure4.3-5 - 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
glycerol as the growth limiting substeatOxygen is maintained at ~100% from days 4 to 9, at whi
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 dramatiogliyell
weight (g.t%) A ; Glycerol concentration (giLp ; Growth medium oxygen saturation (%); Specifi
phycocyanin concentration (mglp, ; nitrogen concentration< (g.L), pHI .
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4.4  Summanand conclusions
In this chapter the relationships between pH, ammonium and phycocyanin during the cultivation of

Galdieriawere explored. Increasing the pH of heterotrophic growth medium was found to negatively
affect the intracellular phycocyanin concentration®&ldiera under both batch Figure4.2-3), and
continuous Figure4.2-6) cultivations. There is only one study in the literature to have investigated
the effect of pH on the growth oBaldieria((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 howewed, the mechanism by which
reductions in phycocyanin are caused at higher pH cultures remains unclear. It may be that the
ammonia gas uptake transporter (ealdieriais adapted to function more efficiently at the lower pH

environments of its ecological nieh

Detected by
Uptake of pH probe NH. or NH.OH
ammonium causes ad(;ed 4
acidification of
NH,* H* + NH, —> NH;
Medium \ /
Cell
NH; BAMT transporter
membrane
H* NH,* Protein

" (phycocyanin)

Figure4.4-1 -Automatic nitrogen control

A NH" is deprotonated at the extracellular side of the presumed A& transporter, allowing
facilitated diffusion of NEginto the cell. The extracellular proton concentration is detected by
probe, leading to an automated addition of basic ammonium byife / ammonia gas balancin
NH;" concentration in the medium.
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Figure4.4-1 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
ammonga 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 ofibatrogen into the medium.
Through this method it is possible to both maintain a stable pH in the culture meeénsoying an
optimal growth rate and ammonia(gm) uptake, as well as providing a stable nitrogen concentration

in the medium as demonstrated experiments such ddgure4.3-2 andFigure4.3-5during 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 secti3, without proper sterile technique, even at

pH 2.0 cultures oGaldieriamay become contaminated. This is also true for feed medium used for
continuous cultivations, which is normally prepared l&st 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 plasticthat would melt, or at least warp, if exposed to autoclave conditions.

To our knowledge, the use of MNbls to support the growth dbaldieriais thus far unreportedNH;,

as a gas, may be easier to handle during a larger scale process. Indeed, mamséhio supply
nitrogen to crops rather than (NMSQ. At larger scale, the higher nitrogen content of NFAO %)
compared to (NB.SQ (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 ofifafsulphite

(e.g. hydrogen sulphite) compounds. WhilsShs 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 gawas used as the nitrogen sour&égure4.3-3), a drop in the nitrogen utilisation
efficiency was observed when compared to liquid 10 MO (¥n8.3 versus 15.9 gi. 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 Nkldetedion 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 talewyever further investigation

is required to determine the capabilities of Nitse withGaldieria
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Chapter5- 2  80S NB&2dz2NDS

5.1 Introduction
The wide range fogrowth supporting substrates available @aldieriapresumes cultivation potential

on carbon rich industrial streams, many of which comprise poorly defined mixtures of organic
compound. Thus far, authors have successfully identified a range of apptegsiseams including
sugar beet molassg$Schmidt et al., 2005 municipal waste wate¢Selvaratnam et al., 2014fpod
waste hydrolysatg€Sloth et al., 2017)andmilk whey permeatgCagnac et al., 2018Jhese carbon
sources proved successful in supporting heterotrophic growthGefdieria although impaired
compared to purified lab grade substrates such as glucose or fedagarbeet molasse$7.5 g.L
hwere mixed with 45 g:tglucose to support growth, and were found to significaimiyreasethe lag
phase of cultivation to 50 hours, even atighelatively low concentration, angiroduced alow
phycocyanin content of L2 mg.d' dry cell weigh{Schmidt et al., 20055imilary, food hydrolysates
negatively affected growth rates without the additiof supplementary nutrients and nitrogen, but
failed to produce significarievels ofphycocyanin even witthe additions (maximum of 5.5 mg:y

phycocyanin for all tested conditionSloth et al., 2017)

Many of the streams describedllack of nitrogen, andthis provides an interesting opportunity to

utilise thenitrogen free medium / automated pH control systems described previonsBhapter 4

This chapter explorealdieriddd LR G Sy GdAlt 4 SELX2A0Ay3 Gé2 |G
sources¢ biodiesel by product glycerol and lignocellulosée Tprocess and bioreactor design
learnings pH nitrogenand contamination aspectdrom chapters 3 and 4re appied and assessed

to better understandGaldierid@2a Ay G SN} OGA2ya 6KSy FIFOSR ¢AGK fSa
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5.2 Biodiesel derived glycerol

5.2.a Introduction to biodiesel glycerol
Purified carbon substrates can represent up to 50% of the cultivation costs qfgesting organisms

(bacteria and yeast). As such, interest has moved towards cheaper carbon alternatives, at the expense

of the diversity of organisms able tbegrown® / NHzRS 3If @ OSNRBf o6a3f @O0OSNAYSE

large scale as part of the production of biodiesel: vegetables oils and animal fats undergo
transesterification with methanol or ethanol using an acid or alkalinelgsttat high temperature
generating20 %glycerolby productand 80 %fatty acid methyl esters (i.e. biodies€Bigure5.2-1)
(Zheng et al., 2006 his crude byproduct typically contains by weight &0370 % glycerol, § 10 %
methanol, 10¢ 20 % water and &, 10 % soapXiao et al., 2013)H of the glycerol is high or low
depending on theatalyst used; 5 M NaOH and 5 M28Q being the cheapest and most common.

A wide variety of chemical and biochemical processes lalesta effectively utilise the crude glycerol,
and is extensively reviewday 0 Y 2 y a (i I y (i R91&) Dable5.28 dutlired tiiehost common
modes of production and is taken frof@argalo 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

1,0Y2yaidl yiAy @i d aSh INBeDiGdydico 3t @ OSNBE Qa Y24

1,2- and 1,3propanediol in the presence of a Cu, Rh or Pt catahetween 160 and 20, pressure

A \

ranging from 3; 8 MPa and a process time of24 hours(Konstanty 2 A6 SiG I f ®X HAamMc O

Biotechnological applications are more diverse, ranging from alcoholspfdg@anedio] 2,3
butanediol, and butanglusingClostridiumand Klebsiellawith good yields of around 0.6Q.gyyceroi*

but low substrate concentrations from 20 to 40 §dlycerol. Several important organic acids are
Table5.2-1 - Glycerolbased biorefinery concepts (Gargalo et al. 2016)

production
rate
products conversion technologies and downstream processing (ton/y) yield
succinic acid glycerol fermentation by an engineered strain of B. succinicis producens DD1 + reactive extraction w/ 10200 1.02 g/g glycerol
TOA and 1-octanol (0.80 mol/mol)
1,3-propanediol  glycerol fermentation by an engineered strain of K. pneumoniae + reactive extraction w/ 5500 0.55 g/g glycerol
isobutyraldehyde (0.67 mol/mol)
propionic acid glycerol fermentation by an engineered strain of P. acidopropionoci ACK-Tet + reactive extraction 6796 0.68 g/g glycerol
w/TO and ethyl acetate (0.844 mol/mol)
PHB glycerol fermentation by an engineered strain of C. necator + blending w/surfactant solution + 3600 0.36 g/g glycerol
hypochlorite digestion centrifugation + spray drying
1,2-propanediol  sequential processes of dehydrogenation-hydrogenation via hydroxyacetone 7740 0.774 g/g glycerol
lactic acid glycerol fermentation by an engineered strain of E.coli + + reactive extraction w/TOA and DCE 7931 0.79 g/g glycerol
(0.81 mol/mol)
isobutyl-alcohol  chemical conversion of glycerol to propanal via acrolein + methanol conversion to methanal + 7300 0.73 g/g glycerol
methanal and propanal condensed to methacrolein + hydrogentation of methacrolein to isobutyl
alcohol
H, steam reforming of glycerol for hydrogen production over Ni/SiO, catalyst 659 0.66 g/g glycerol
n-butanol glycerol anaerobic fermentation by an engineered strain of C. pasteurianum + vacuum stripping 3000 0.30 g/g glycerol
(0.37 mol/mol)
ethanol glycerol fermentation by an engineered strain of E.coli + dehydration s5211 0.52 g/g glycerol
(1.02 mol/mol)
acrolein glycerol dehydration 4870 0486 g/g glycerol
(0.80 mol/mol
glycerol)
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produced including lactjeitric, succinic and propionic acid using leai@ and fungi. Of these citric
acid is the most successful, with the filamentous furgirowialipolytica able toutilise high glycerol
concentrations ranging from 80300 g.t! and yields of 1@ 30 %. Pokhydroxylalkanoates (PHA/PHB)
are a polymerisé intracellular carbon storage for several prokaryotic organisms, with properties
comparable to synthetic polymers yet possesssiight biodegradability. Production of PHA is
uneconomical despite high demand due to the expense of the carbon subs{Zdte®t al., 2013)As
such, crude glycerol is being investigated as a cheaper alternative. The bacewavidius necator
demonstrated a productivity of 26 gtlday* of PHA usig crude glycerol as a substrate (34 % yield on
glycerol)(Cavalheiro et al., 2009)

The economics of many of these processes remai@ 8MNI | A y &  2@KIAff daié  GLINPRRSARO G &
LINE RdzOSRE (KS@& | N8Bl y@&f¢ o NI ROGRE ND2YWah AKA 2y | £ |
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 sterilisatiormeaskindly
providedfrom two different sourcs, Brocklesby LtdEast Yorkshire, UK, and GreenergesSiele, UK
(Figure5.2-2). Brocklesby is a waste management compamgt collects and distributes various
industrial wastes around the northern regieaf the UK. The glycerol sample is a result of a blend of
different glycerine sources of differing qualidyd 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. Tleastern Teesside plant, whh the sample was obtained from,
operates an acid catalysed,BQ based process utilising waste cooking aitsl produce 300 tonnes

of biodiesel and 80 tonnes of glycerol per dajey hae developed a technique of recycling and
recovering almost all athe methanol catalystand as such the resulting glycerine was acidic and

methanol free but includedother ash and inorganic components.
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Figure5.2-1 - Methanol and acid or alkaline catalysed transestécation

A 3:1 methanol:triglyceride molar reaction is typically catalysed by acid or alkaline compound
form fatty acid methyl esters (biodiesel) and glycerol. The waste glycerol fraction typically cor
high quantities of impurities and minor bygatucts such as unreacted methanol, soaps, ash anc
metals. Adaptedfrond +  aA 6 S Ff ®X HAHNO

!

I )

: ‘/,/

g~ CROSS OUT SYMBOL IF NOT APPLICABLE (" ‘
RDAS

’%@“‘?EW s

Figure5.2-2 - Crude glycerol/glycerine samples
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5.2.b 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 glycemh the cultivation ofGaldieria Thisstudy

used 10 % wi/v glycerine to support growth in error, due to initial calculations of glycerol content being
far lower as the monitoring reagent was out of dateeTack of growth (data not presented) of this
first trialwas assumed to be a consequeraf potential soap content of the glycerine, so a purification
technique was adapted for its remov@iao et al., 2013)1 M (NH,).SQ was added to 100 mL of
glycerine sample and heated under stirring af@@or 30 minutes, forming significant precipitation.
This was left to settle for 30 minutes and the top fractimmoved and filtered through a
polyethersulphone 22um filter. Upon evidence of continued growth inhibition, thi&rockelsby
glycerinesample wage-analysed for its glycerol content usiaghewFree Glycerol Reagent (Sigma,

UK) at between 16to 10®dilutions in deionised water, and found to contain 5737 g.t* glycerol.

Strain 141.DG was cultivated at 37°C heterotrophicaltyiplicate flasksat 100 mL scale in the dark,

stirred at 125 rpm(Table5.2-2, Figure5.2-3). Labgrade glycero(6.0gt) ¢ A G K HE Y2RAFTASR
medium supported antrol growth, and was compared to 1 and 2% w/v soap precipitated glycerine or

1 to 5 % untreated glycerin€ultures contained 0.5 %$0Q in order to prevent contamination and

no medium component was autoclave@rowth was monitored using Qf# (Figure5.2-3 A) and

natural logarithm of te ORewas used to monitor growth rate (E).

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 dagspectively(Table5.2-2). Growth yield on substrate
decreased with increasing glycerol concentration, as well as growth raténarehsed lag periods.
Whilst the 1 % unrefined glycerol culture had the highest growth rasble5.2-2 C), it also had a

longer lag period compared to control and the precipitated glycerine cultures.

1% 2%

Lab glycerol precipitated precipitated 1%
Table5.2-2 - Initial glycerine based | 6.0 g.t* + Brockelsby Brockelsby | untreated /

cultivation ofGaldieria 0.5% HSQ sample sample raw

+ + + +
Biomassoncentration (mg.mt) 3.18 0.01|3.22 0.02|4.85 0.04|4.48 0.03
Growth rate (day) 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 concentration (mg™y 27.12 1.03|28.91 0.69|22.74 254|22.99 0.73
Yius 0.53 0.00/0.56 0.00|{042 0.00(/0.78 0.01
GPC sampleurity (A620/A320) 6.42 0.75|5.27 0.23/489 0.28/4.31 0.18
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Figure5.2-3 - Initial glycerine based cultivatio of Galdieriaat flask scale

Growth curves (A) and their natural logarithms (B, Galflieriastrain 141.DG are presented on
pure glycerol (black squards), 1 M (NH).SQ refined Brockelsby glycerine at 1% (red triangles
or 2% wi/v (blue circles ), or unpurified / raw glycerine at 1% (inverted green triangles 2%
(orange diamonds ), 3% (grey plus), 4% (purple crossés) or 5% w/v (dark blue crossed circles
HE Y2 RA T A R 100 nkofiyieQrcludiic
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5.2.c 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 @ecificqorocess conditionsA response surface study
was performed undeBox;Behnken desigin order to hvestigate the effects of varying components

within an artificially constructed ¢ 81 S¢ 2y G(KS&8dieBANR G K NI GS 2F D

Glycerol was maintained at 300 gdor each waste condition, whilst methanol (2800 g.t), free

fatty acids in the form o#49% fat margarine (2Q 200 g.t%), corn oil (10¢ 200 g.t%), and sodium

dodecyl sulphate as a detergent sourc&@ g.l'0 @I NA SR | 002 NRA y arifiiae# (KS R
g I a iv&éadded in 5% wiv (final concentration 157glycerol, se€Table5.2-3) to 80 mL flask

Odzft GdzNB& Ay |RRAGAZ2Y (2 HE Y2 RIFWtSRO rpn dgiypRd Y SR A
The 2factoral design of BeBemken produced 29 distinct culture conditiof®ppendk Table8.3-2),

focused around the centre point concentratiod2Mid conditions)with each Hgh or Low condition

(6 each) per variableGrowth rate data |imax, day') was inputed into the model, terms are added
sequentially to the model (i.e. start with a linear equation, addisgjuential termsup to cubic

equations) and the fit analysed for each set of terms. Quadratic terene suggested to beignificant
(AppendixTable8.3-1) for model selection, and analysis of variance identified fatty acid content

(p=0.023) and detergemontent (p=0.002) of the waste to affect theogvth rate ofGaldieriabeyond

chance (appendixTable 8.3-1). In both cases increasing component concentrations negatively
impacted growth ratéFigure5.2-4). Methanol was not found to significantly support or inhibit growth

at any concentration (& 15 g.t* in cultures), only decreasing biomass yield (p=0.0002)

Table5.2-3 - Artificial waste components for response surface study

Detergent/
Condition Glycerol (g£) Methanol (g.t}) FFA (g Oil(g.t})) SDS (g}

© High 300 300 200 200 20.00

g Mid 300 160 110 105 10.50
= Low 300 20 20 10 1.00
= Flask High 15 15 10 10 1.00
g &g Flasknd 15 8 6 5 0.53
T S= FlaskLow 15 1 1 1 0.05
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Figure5.2-4 - Interactions of fatty acids and detergent concentrations ¢éme growth rate of
Galdieria

One factor analysis (A, B) and interaction (C) graphs were constructed from tiiseBoken desigr
with designated values of condition centre points for thteer variables presented within or to the
side of the graphs. Both free fatty acids (A) and detergent (Sodium dodecyl sulphate, B) decr:
growth rate in accordance with increasing concentrationaxis). The interaction graph C
demonstrates the overpeering effect of detergent concentrations on the other variabies
increased corn oil concentration decreased growth rate when detergent was! inghe artificial
waste (black squares ), whilst growth rate is severely inhibited at 20-bdetergent br any
concentration of corn oil (red trianglgs).
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These data further suggest good potential @aldierid@?d 3INR 6 (1 K 2 yundef réldv@INRA v S =
high concentrations of impurities. Indeed typical compositions of glycerine have a large range, with
some studies reporting between 2060 % glycerol, § 15 % methanol, soap©30 % and free fatty
acids(Xiao et al., 2013, Zhu et al., 20185ding untreated glycerine at%to Galdieriacultures (or

an appropriate concentration to providec®0 g.t* of glycerol) would provide impurity concentrations

lower than those tested in the artificial waste. As such, in accordance with previous data (Settion

), as well as the failed cultures reported here at 10 % glycednéhe concentration of glycerol should

be of primary concern for heterotrophic cultivatien

These data highlight the potential for problems during high density sengontinuous cultivations
of Galdieria due to the differences in metabolism of the substratas 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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5.2.d Bioreactor studiesusing glycerine as a heterotrophic growth

Substrate
In this ®ction we explore the impact afhpure glycerine during bioreactor based continuous and semi

continuous cultivations oGaldierial Yy R FdzNIKSNJ | 34aSaa 3f-cod&bdny SQa LI

substrate for heterotrophic cultivation.

5.2.d.i Semicontinuous
Figure5.2-6 and Figure5.2-7 demonstrate cultivations o6aldieriastrain 141.DG on the unrefined

Teesside biodieselg50 g.t glycerol) in the Infors stirred tank reactor and the MK 3 airlift bioreactor
respectively, at 2 % w/v (batch, 17 ¢.land 42C.

In stirred tank, exponential growth was comparable to studies using refined glytetbk(1.25 day

tat 15 g.t glycero) during the batch phase, proceeding at 1.17 dap to day 3, at which poir20 %

wiv (170 g.E glyeerol) glycerine feed was initiated at a rate of 0.6 dégllowing the observed
increase in oxygen saturation. Carbon limited growth was not maintained at 0’6 agtlikely as a
consequence of the dramatic decrease in oxygen saturation in the reactesrdotated with
increasing glycerol concentrations in the medium after day 3. Overall, the cultivatexiuced a
biomass concentration of 25.5 d.hkfter 6 days, durig which the volume changed from 1200 mL to
1582 mL, asA463 mL of feed was addedn total, 40.3 g of dry cebiomasswere 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 Y is comparable to both the other (Brockelsby) glycerine sample Tabée5.2-2), as well as
refined glycerol studies described throughout this The3i89¢ 0.57, Table3.7-1). This initial study
suggested that higlensity cultivation ofSaldieriawould 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 semicontinuous phasebeing associated more strongly with limitations of the stirred tank

reactor described previously.

Figure5.2-5 - 50 % glycerine feed for MK 2
Airlift bioreactor cultivation
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Figure5.2-6 - Stirred tank reactor cultivation ofzaldieriaon unrefined glycerine

Galdieriawas cultivated at 4ZC under fed batch conditions from 1¢@.0 L working volume with 2
% waste glycerine (17 d.hlycerol, batch) and 20 % (170 fdlycerol, feed) as the heterotrophic
carbon substrate. The impeller was maintained at a fixed velocity of 450 rpm with 3.0 laimio
supply oxygen (green inverted triangleg to the respiring cells. Batch phasewth proceeded at
1.17 day* (black squared ), as glycerol (red trianglgs) dropped. Feeding was initiated at 0.6 d
from day 3.0 for a resultant rate of 0.51 day
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Figure5.2-7 - MK 2 Airlift bioreactor cultivation ofGaldieriaon unrefined glycerine

Galdieriawas cultivated at 4Z under fed batch conditions from ;8.5 L working volume with 2
% waste glycerine (17.0 g.glycerol, batch) and 5% (425 g.Lglycerol, feed) as the heterotrophi
carbon substrate. Air flow was fixed at 4.0 L.tio supply oxygen (green inverted triangles to
the respiring cells. Batch phase growth proceeded at 0.85 (agick squared ), as glycerol (red
trianglesp ) dropped to day 3, at which point feed was initiated at 1.0'dd&eed was halted at dz
5 as well as the pH controlled addition of 10 Ms8H as the nitrogen source (purple crosies
note units of mg.dt).
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Following elative success in stirred tank, the MK 2 airlift reactor was used to cultdattieriaat 2.5

¢ 3.5 L scaleHigureb.2-5, Figure5.2-7, Figure5.2-8). Batch phase growth was maintained for 3 days

at a rate of 0.85 da¥; during which time glycerol decreased fror@tb 6 g.L* (initial measured glycerol
concentration was slightly lower than the expected 173.lt is important to also consider that
glycerol samples from the reactor on dayg ® contained 1.@ 2.0 g.t* 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 adition of 50 % wi/v glycerine feed was initiated at day 3 at a rate of 1.0 day

! providing a semtontinuous growth phase at 0.92 dafor a final dry cell weight of 61.9 + 2.13g.L

1 by day 7 Figure5.2-7 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 yidlon substrate of 0.49 g'g

The feed was nitrogen free, with the automated addition of 10 Mi®HH providing nitrogen during

the semicontinuous phase, of which 163 mL was added during the experimentNNdduivalent
decreased from an initial 1.1 d.tonsistently throughout the experimenfigures.2-7). This graphical
trend is somewhat misleading due to the large amount of G added, which has hash effect to
counteract the decrease in concentration. As previously descridegib(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 thedigack 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 mitrogen, 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 stathdefore

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 slightwler than the highest reported figure in the literature for
heterotrophic cultivation (26.7 mg’g glucose), but significantly lower than the highest in our airlift
system on pure glycerol of 45 mg.¢Productivities are improved however due to the ragidwth,
doubling the literaturevaluefor biomass productivity (32.2 vs 17.5 g.L:§aynd also improving on

the phycocyanin productivity 984 vs 473 mg.L:Hakhe yield of biomass on nitrogen was close to

expected for the concentration of phycocyarinl1.7 g.g at the final sample.
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Overall, no impairments in growth or phycocyammduction were observed for the cultivation of
Galdieriaon unrefined glycerine obtained from Greenergy, Teesside in-sentinuous mode. No
significant differences between yields from pure or unrefined glycerol are observed, and there is no

suggestion of the buildip of impurities.

Figureb.2-8 - Heterotrophic highdensity cultivation ofGaldieriaon waste
glycerine in the MK 2 Airlift bioreactor
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5.2.d.iiContinuous
The continuoustudy described here is the first half of the study introduced in se@ibrc, wherein

pigment population changes Gfaldieriawvereinvestigated mder continuous conditioni 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 hencef@itheb.2-4, Figure5.2-9).

The MKIII bioreactor was operated initially af@2and3.5 L working volume, with an initial substrate
concentration of 10 g:tglucose. Batch phase growth proceeded for 2 days before initiation of a semi
continuous exponential phase with a feed concentration of 540 glucose, providing a dry cell
weight of 27.7 g.tt and 31.4 mg.gintracellular 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 vigcasit 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¢.was used over 3 days at a dilution rate of 0.43, followed by a period
of rapid dilution at 1.04 day for two days using 10 % biodiesel glycerol feed. The higher growth rate
did initiate a downwards trend of intracellular phycocyarhiig(re5.2-9, days &), which recovered

as the dilution rate was reduced to 0.7 daglays & 10).Biodiesefeed at 20%proved to be a much

too high glycerol concentration for continuous cultivation (230"y.leading to an increase in glycerol
concentration in the medium (days %012.5),anda reduction in phycocyanin to 23.6 mg,@s well

as a lowered yield of bionsa of 0.2 Tableb5.2-4).

These data do not necessarily preclude the use of such high carbon concentrations for continuous
cultivation. Due to the growthate sensitivities oGGaldieriaat glycerol concentrations above t®0

g.L* (e.g.Figure3.4-4), it is probable that an exponential feeding profilged 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 20€bgtinuous

feed is desired, one coulmksume a stable phase cell density of around 100(gtla ¥sof 0.5 g.d).

The culture density could be set to this concentration in another semtinuous phase before re
initiating continuous flow, at which point there should be enough biomassie up the glycerol

before its concentration becomes inhibitory.

Overall, as in sengontinuous cultivation, there is no evidence of specific impairmegréavth when
using unrefined glycerine continuously over refined glycerol. Indeed, in this paradigould be
assumed that the buildip of any unmetabolizable compounds would be less likely, as they would be

removeddue tothe dilution rateassociated with continuous cultivation
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This experiment further demonstratdle success of the acidic feed / aumbated nitrogen strategy.

Nitrogen in the reactowasmaintained between 1.@ 2.5 g.t* during the periods of stable growth,

up to day 10. As glycerol increased, we see that the nitrogen also increases to around 4daysL

10¢ 12,Figure5.2-9), as excess acid is added in combination with the glycerol, and the automated pH

control set at pH 2.0 rectifies by adding J/HH.

Table5.2-4 - Continuous cultivation oBaldieriaon unrefined glycerinéBDG)

Interval
Condition time
(days)

Substrate So

Dry cel :
g Py PhycocyaniiPphycocyanin
D (day') weight Ys gt
(day’) (g.tgl) (@Lday) ¥*@9) (mgg)  (mg.Lday)

MeanSEMMeanSENMeanSENMeanSENMean SEM MeanSEM

Batch 1.82
Fedbatch 2.94
BDG 9% 3.05
BDG 10% 1.98

BDG 20% 2.50

Glucose 10
Glucose 540
Biodieseblycerol 90
Biodiesel glycero115

Biodiesel glycero230

- - 1.2 0.8 0.0 0.0 - - 141 32 - -
- - 2770300 0.000500314 15 - =
0.43 0.0 33.7 0.4 145 1.7 0.38 0.0 30.8 2.3 453 161
1.04 0.1 428 2.1 41.7 54 0.37 0.0 27.5 3.2 1126 165
0.70 0.1 53.0 2.6 36.9 4.8 0.20 0.0 23.6 1.2 1210131
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Figure5.2-9 - Continuous cultivation ofGaldieriaon unrefined glycerine

A- G. sulphurariavas cultivated in the MK 3 bioreactor at 3.5 L scale under continuous conditio
from day 4.5 at a dilution rate ieeen 0.5¢ 1.0 day* at 42°C. Oxygen (green inverted triangtgg
was maintained above 75 % throughout this section of the study. Dry cell weight (black s&j)are
increased as the continuous feed concentration increased, as denoted by the lines, andlintar
phycocyanin (blue circles) remained relatively stable throughout the study showing interactions
with glycerol, whilst glycerol (red triangles) shows a spike between days 10 and 13. Nitrogen
concentration in the reactor remained relatively Bta throughout the study. Note that this is the fi
half of the temperature change study described in sec8dnc.i.
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52.e Summaryand conclusions
The data presented in thisectionprovides good evidence that it is possible to gr@aldieriaon

unrefined biodiesel byroduct 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 (maiinggiigh oxygen saturation and automating
addition of nitrogen) are employed effectively, with the highest productivities of biomass and
phycocyanin under continuous conditions demonstrated at 10 % \gside sample of 41.7 g.L.day
Land 1126 mg.L.dayrespectively. Comparedith waste stream mediated growth @aldieriain the
literature, these data are highly favourahle terms of the intracellular phycocyanin content as the

main indicator for good phycocyanin productivifyable5.2-5).

Glycerol is an extremely cheap and abundant source of calindieed, Greenergy stated that the
biodiesel plant in Teesside generated 80 tonnes of glycerol peadaywas available to purchase for
£300 + shipping for 1 tonne, or for larger quantities the market price at the time of writing ranged
between £100; 155 per tonne. Much of the glycerol produced was sold to anaerobic digestion plans
to producemethane. Thee data demonstrate a much higher value use for glycerol in the production
of phycocyanin, although, as an animat@pduct class 3 (typical for plants utilising waste cooking
oils as is common in the UK) the use of the substrate for food production maydeluded. Food
grade and Kosher glycerol is available however, but naturally has an increasedtdbst.time of
writing, a onetime purchase of 1 tonne of impure glycerol was ££Q50, whilst Kosher grade was
£1200.

Table5.2-5 - Growth of Galdieriaon waste substrates

Substrate  Mode Scale (L) S (9.1 Yeoox (MY.gY)  Xmax(g.LY)  Reference
Sugar beet Fedbatch 1.53.0 750 3.01 116 (Schmidt
molasses et al.,
2005)
Food waste Batch 0.1 5 5.05 3.25 (Sloth et
hydrolysate al., 2017)
Milk whey Fedbatch 1.52.0 100 n.d. (:250) 60 (Cagnacet
permeate  (mixotrophic) al., 2018)
Biodiesel Fedbatch 2535 425(50%) 234 61.8 Figure
glycerol 5.2-7
Biodiesel  Continuous 3.5 90-115 (910 23.630.8 53 Figure
glycerol %) 5.2-9
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5.3 Lignocellulose

5.3.a Introduction b 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 thbiomass 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 detiradiomass 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 dide into the atmosphere. Significapte-treatment of the
lignocellulose is required and include mechanical (milling / grinding), physiochemical (steam
explosion), chemical (acid / base), or biological (microaerobistes)(Amin et al., 2017)Many of

these treatments require significant inputs of energy reducing the efficiency of the overall process.

Galdierid2a S$02t 23A0lf yAOKS SELR&aSa (KS 2NHIyAaY:
conditions, to a wide array of simplified, apdssibly hydrolysed, organic carbon substrg@soss et

al., 1998) It is nd a dramatic leap of thought to suggest tHauna and flora unfortunate enougo

find themselvesin a hot volcanic spring would be broken down in a similar manner as the acid
hydrolysis employed for Afre-treatments There are some specific drawbacksising chemicgbre-
treatments¢ many use very strong acids and bases including, but not limiteslifghuric acid, acetic

acid, ammonim hydroxide sodium hydroxideand prolonged exposure of the lignocelluldeestrong

acids and basgzoduces growthrihibitingsubstrates having downstream effects on the efficiency of

bacterial consortia in AQGuo et al., 2011)

Lignocellulose provides a challenge due to its stability in the form of polymddigaetosen a linear

i 1-4 linkage(cellulsse) coupled with additional strengthening compounds (hemicellulose and lignin)
Hemicellulose is formed of shorter polysaccharide chaoyméd primarily of xylose, arabinose,
galactoseand mannose, whilst lignin is formed from a wide variety or aromaticpounds. Variations

in the adjunctive component concentratione comparison to celluloseand their constituents,
provide the wide variety of strengths, elasticity and rigidity observed in lignocellulose in the plant
kingdom (Kumar et al., 2020) Acid hydrolysisprimarily affects the cellulose and hemicellulose
fractions oflignocellulose through the nucleophilic attack ihe polysaccharidéinker resulting in the

formation of water and a monar di-saccharideKigure5.3-1).

Acid catalysere-treatment must be carefully controlled: too little exposure time or lower acid

concentrations will leave untreated lignocellulose impairing AD efficienbijstwexcessive exposure
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leads to downstream reactions and the formation of growth inhibitory compounds. In parti&ilar,
hydroxymethyl2-furaldehyde (HMF) is a dehydration producte.g. from sulphuric acid catalysed
dehydration)of severakugar hexamerand a highly growth inhibiting compound, with the potential

for further dehydration into levulinic and formic acifl®nsson and Martin, 2016)

Galdieriamay have developed a resistance to these hazardousd of dehydrated sugars presumed
to have some prevalence in its natural environment. This poses several options for the growth of

Galdieriaon lignocellulosic hydrolysate.

1 DoesGaldieriatolerate the conditions one would expetd find duringacid hydrolysi®
1 Will Galdieriagrow on sugar rich hydrolysates or may inhibitory compounds impair gfdwth
1 Is it possible to avoid the buidp of inhibitory compounds by performing hydrolysissitu
with cultivation, allowing the organism to metabolise sugars before prolonged exposure to

acidic condition®

The experiments presented in this section, besides the first few feasibility sfueiesperformed by
the two Masters students | supervisedrihg my PhD, Rita Moussa (RM) and Jesse Armstrong (JA). |

would like to thank them again for their support and hard work v@hldieria

- OH Cellulose
OH
0 HO o1
HO (@)
OH
L OH dn
Glucose, Mannose,
- Galactose
Cellulose Milling Xylose, Arabinose
| Hemicellulose % H;0*
‘ BN ; > | Acid - Hydroxymethyl furfural
_# Lignins / hydrolysis Levulinicacid
Formic acid
84 Other (resins etc) Acetic acid
Phenols

Figure5.3-1 - Acid catalysed hydrolysis of lignocellulose

Lignocellulose (in this case in the form of Timothy Hay) contains three main components: ce
hemicellulose and lignin. Hydronium ions@) perform nucleophilic attack on tHel-4 linker
between Dglumse monomers of cellulose breaking the link, forming water and an OH group
Several saccharide monomers (gold) may be formed depending on this reaction occurring tc
cellulose or hemicellulose, as well as further dehydration sugars. Acid hydrolyisialseeattack o
aromatic compounds in lignin, leading to the formation of growth inhibitory compounds (red)
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5.3.b Assessment of ex situ acid catalysed hydrolysis

5.3.b.i Acid toleranceof Galdieria
Varying concentrations of concentrated (18 MBR were added to 5.0 gld-glucoseheterotrophic

culturesin combination with 2x modified Allens mediymwith a control culture adjusted to pH 2.0,
and growth was observed for 5 dagts100 mL working volume in 250 mL Erlenmeyer fldskseasing
acid concentrations reduced the growth ratempared to control (1.20 vs 0.95 defpr control vs 2

% HSQ) (Figure5.3-2, Table5.3-1). Low specific @C values are observed as the strain had mutated
into a CPC norproducer (Yellowgreen culture pigmentation of strain 141.G /Y compared to the dark

greenblue of 141.DGfor more informatian please see sectiah5.c.ii).

These data demonstrate just how resistant to aGdldieriaA &8 ® wSLI2Z NI SR LJ Qa
environment have been recorded down to pH(@ross et al., 2001, Schénknecht et al., 2013)
Nevertheless, growth at 4 %$0, although with a significantly reduced growth rate at 0.45fay
remains impressive. No yield losses were observed for 1 or 2 % cultures, fully utiiesiglyicose

substrate within 4 days. Phycocyanin productivity also remained unchanged compared to control.

These data suggestofential for the cultivation of Galdieriaon lignocellulosic hydrolysates at

hydrolytic concentrations of sulphuric adi@uo et al., 2011)

Table5.3-1 - Sulphuric acid tolerance @aldieria

Culture Control =+ 1% HSQ + 2% HSQ + 4% HSQ *

N (flasks) 3 3 3 3

Glucosgg.L?) 5.0 5.0 5.0 5

(NH,),SQ (g.1Y) 2.62 2.62 2.62 2.62

Hmax (day?) 1.20 0.01 1.04 0.02 0.95 0.00 0.45 0.01
Xinal (Q) 282 010 2.87 0.05 2.80 0.03 1.08 0.36
Yus 0.56 0.57 0.56 0.22

Specific @C (mgd) 6.62 7.28 7.55 n.d.
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Ln(ODgqg)

- Control —® 1% H,SO, =& 2% H,SO, =¥ 4% H,SO,

-1 T T T T
0 1 2 3 4 5

Time (d)

Figure5.3-2 - Acid tolerance study in flask

Strain 141.DG was cultivated at°@heterotrophically in the dark using 5g@-glucose as the
carbon source with varying conceations of 18 M BE5Q. The natural logarithm of QR was used
to determine specific growth rates. Flask replicates are plotted (points) with a linear regressio
the mean (line) of the exponential growth phase. Control set at pH 2.0 (blue ¢irgJesd 1 (red
squaresA ), 2 (green triangles ), and 4 %iverted purple triangles ) concentrated sulphuric ac
added to other cultures.
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5.3.b.iilnitial assessment a?5°Cex situhydrolysis
50 and 80 % v/v hydrolysate cultures failed to promote growth

Straw was obtained from Wilkinsons (UK) and cut intog12(0 cm lengths using scissors, washed
remove the majority of the griand dried in an oven at 8Q for several hour®riedstraw (50 g)was
added to 500 mL 2 % (0.36 My3Q and allowed to hydrolyse for 8 days at°@5The liquid fraction
was drained from the solid straWvagmentsand represented 300 mL of hydrolysate. Yields were
calculated under the assumption of 100 gihitial straw. Cultures were compared agaibsy.L* D-
glucose containingnodified Aller® mediumand grown at 50 mL flask scale,°G@7with 125 rpm

agitation.

As discussed previously, this study occurred during the period of a mutated strain with low
phycocyaninproduction, however these data are comparable to the acid tolerance stoidybyi)
ranging between 5.93 (50 dtIstraw)to 10.32 (glucose control) mg:y Hydrolysate growth rates
were low (~0.65 da$) and the final biomass yields very loand there is no difference between §0
80% v/v lysate culturesT@ble5.3-2, Figure5.3-3 A). The lysate had a very sweet smell, it may be that
there was too much carbon in the flasks the presence of dehydrated sugaesading to an inhibition

of growth. Additional grinding of the lignocellulose may be necessary, aisgor cut strawolume
wasgreater than the 2% acid. As suiths unlikelythat the hydrolysis occurred evenly during the pre

treatment.

The experiment was repeate#ifure5.3-3, B) for lowelysate concentrations, as well as 0.5 %66
added to control cultures. Hydrolysate growth was improved, reaching as O5b-6, compared to

1 ¢ 2 ODs previously. No significant difference between 10 or 20 % v/v lysate cuitasesbserved

in terms of yield however. Growth rates were determined over the first 3 days (exponential period of
the control), but whilst they may look comparableaple5.3-2) between experiments, the severe lack

of growth for the 506/ 80 % study should bleept in mind.

Table5.3-2 - Initial growth studies on room temperature hydrolysate

First

experiment S'[I’aW 50 gE StraW
(pH?2.0)(TB)  Glucose5gt + Straw50g.l * no medium + 80¢gll =
Hmax 1.25 0.1 0.63 0.1 o0.67 0.1 o0.67 0.1
Second

(+0.5 %

H.SOs) (RM)  Glucose 59t + Straw10g.t + Straw20g.l =+

HMmax 0.93 0.0 0.71 0.1 0.70 0.1
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A - 50 and 80 % lysate

o

0 2 4 6
Time (days)

B - 10 and 20% lysate

o

0 2 4 6 8
Time (days)

Figure5.3-3 - Initial growth of Galdieria on room
temperature hydrolysate

Straw was cut into & 2 cm lengths by hand and g4
added to 2 % p$5Q for 8 days. Resultant lysate w. y
separated from straw (right) and added to flask
cultures ofGaldieria A - 50 % plus 2x MAM (red
trianglesp ), 50 % without additional medium
components (blue circles) or 80 % v/v (green
inverted triangles) ). MAM + 5 d.* glucose was
used as the control culture (black squafe}
Performed by TB.

B¢ 10 % (blue circles ) and 20 % (red trianglgs)
lysate flask cultivations compared to 5-§dlucose
control (black squared ) containing 0.5

RM performed this eperiment.

146



Waste resources Lignocellulose Thomas Burns

5.3.b.iii Improving sugar release from hydrolysate
Low yields compared to glucose for lysate supported growtBalflieriawere sought to be improved

by increasing the duration afbom temperature hydrolysis from 8 to 15 days, as waslursuing 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. Liglosaellu
biomass is heated above 18D in combination with pressure (50 mPa is typical) in a vessel. Upon
pressure release steam expandghin the cellulose fibregxerting forceand breaking down the
structure. Interestingly, this may also be performedcombination with 1 % acid improving the
LINE OS&daQa RS a(hNibzaDal. 2a013)Wiiidt hdt exakthly dmpadable, autoclave induced
caramelisation of sugar substrates, such as glucose, is a common occurrence in microbioldgy labs.
fact, this type of acid hydrolysis had been occurring towards the start oftddieriaproject, and
impacted both the initiasterile cultivation techniques as well as hydrolysing agar at pH 2.0, preventing
gelling of solid media (see secti@rl.afor the updated strategyo preparesolid mediaor Galdierig.

As such, 1 %,8Q wasused with the straw particulates in a standard autoclave cycle (15 minutes at

121°C, 2 mPa) and the resulting hydrolysate used to support gronw@addieria

Room temperature acid hydrolysier 15 daygproduced similar growth characteristics as 8 ddyab(e
5.3-3). Comparing growth curvésgure5.3-3 B andFigure5.3-5, a similar progression is observed, but
with a slightlymore rapid growth rate for the 15 day cultures (0.71 vs @.8493 day* at 8 vs 15 days
hydrolysis). The final biomass conaettions are comparableand increased at both lysate culture
concentrations for the 1&lay hydrolysate by 120 % compared to 8 days. The autoclaved hydrolysis
culture wasperformedat 37°C in the communaiemperature-controlled growth room. The growth

rate is impaired at 0.48lay?, however the yield on substrate is double that of th&day room
temperature hydrolysate (5 % v/v of 100 ¢lisate compared to 20 % 50 glysate). 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 ¢ 2 cm lengths almost certainkgeduced the efficiency of this procesempared to milled straw

typically used Overall,Galdieriaseems to be quite well suited for growth on the lysates. It is worth

Table5.3-3 - Growth yields ofsaldieriaon hydrolysates
[Lysate] in Growth

Lysis duration [Straw] culture temp Hmax Experi
(days) (9.1 (Viv) (°C) (day?) Xeinal Figure menter
8 50 10 42 0.71 0.35 Figure5.33 RM
8 50 20 42 0.71 0.79 RM
15 50 10 42 0.84 0.45 Figure5.35 RM
15 50 20 42 0.93 0.91 RM
15 min @ 12iC 100 5 37 0.43 1.01 Figure5.35 TB
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noting there is a significant portion of unmetabolized material that wasdegraded by the acid (see

picture ofFigure5.3-3).

15

Time (days)
Figure5.3-5 - Growth of Galdieriaon 15 day room temperature hydrolysates

Galdieriawas grown at 4ZC on 10 (red trianglgs ) and 20 % (blue circles) 2 % HSQ + 50 g.&
straw hydrolysate maintained at 26 for B days, against 5 gtlcontrol (black squared ).
Cultures contained 0.5%%Ql & ¢Sttt a HE Y2RAFASR ' f¢t8§

15

o

0 2 4 6

Time (d)
Figure5.3-5 - Growth of Galdieria on autoclaved straw hydrolysate

Galdieriawas grown at 37C on 5 % v/v room temperature 8 day (red open triangheand
autoclaved (blue open circlés) 2 % HSQ + 100 g.t straw, against 5 gilcontrol (black squares
A). Cultures contained 0.5%-8Ql a ¢Sttt a HE Y2RAFASR ! ¢
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5.3.c Phycocyanin production from lignocédise hydrolysate
Following thenitial observationson autoclaved hydrolysis, further investigations were performed (by

Jesse Armstrong) in order tefine this technique. Once better growth conditions were established
focus shifted to analysing the phycocyanin productio@aldieriaon lignocellulosic hydrolysaterom
GKA& LRAYG F2NBEFENR CAY2(GKe KIFe& 02 Adbdtratg(ighrg Qa =
5.36). The straw was milledsing a knife milby the Biorenewables Development Centre (York, UK)
to pass a 0.5 1.0 mm sieve. Increay) the surface area of the straw aimed to produce more
consistent lysates as well as improve sugar relesiében preparing cultures, hydrolysastraw
suspensions were centrifuged for 1 minute at 4009 ir order to separate the bulk of particulate
matter, and the top fraction used to support growth, typically at g 30 % v/v concentrationAll
cultures were grown at £Z with 200 rpm agitation, at 100 mL scale in 250 mL Erlenmeyer #a&3ks.
(5.0 M)was used to adjust cultures to pH 2.0 after the aiddi of acidic hydrolysate, as it was found
to not affect growth (data not presented) up to at least 0.4 % .\villlais isunlike sodium (and
presumably NaOH), whialias found to have greater impact on the growth dBaldieriathan any

other commonion tested (Schmidt et al., 2005)

Initially, a range of conditionsere tested for autoclaved acid hydrolysate growttGaidieria ranging

from 0.2¢ 2.5% HSQ as the catalyst, and lignocellulose concentrations frong 20 g.*. Two key
observations were made from this data set. Firstigreasing prdareatment acidity impaireqimax Of
cultures. Secondly, increasing lignocellulose concentration in the hydrolysate impaired growth

independently of acid concentratigff able5.3-4).

Figure5.3-6 - Knife milled
Timothy hay used as a source
of lignocellulosic biomass
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5.3.c.i Autoclaved kidrolysate studies
Figure5.3-7 provides an overview of the growth curves@éldieriagrown on the autoclaved milled

straw hydrolysates. Initially, a comparison was made between 0.5, 1.5 and 25Q@bcHtalysed
substrate with a lignocellulose concentrationsdf g.t* (Figures.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.mt! at 0.35 day. Phycocyanin productivity was not impairéy the lysate for the 0.5 %
culture, with an intracellular content of 34.7 mg,gcomparable with that achieved using refined and

biodiesel derived glycerol presented previou@yg. section8.5and4.3).

Lower acid and lignocellulose concentrations were selected of @®85 % and 10 gllrespectively

for further investigation. All conditions grew to similar biomass concentrations from §.896
mg.mL! with the growth rate at 0.5 and 0.75 % acid (0.49 and 0.41'dagpectively) impaired
compared to the 0.25 % acid hydrolysate (0.89% (Figure5.3-7 B). Phycocyanin was similar for all
cultures ranging from 22.@ 22.4 mg.d. These data suggest the increased acid rbayover
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 theoligtiulose.

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'gFigure5.3-7 C).Both 10 g.t 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. Surprisingly, neithe20 g.L* 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 §4£ 0.5 % acid culture ifigure5.3-7 A.

Phycocyanin was not monitored for these cultures.

A final set of cultures aimed to select the optimal conditions from those investigated.doofa acid
concentrations (0.2, 0.25 and 0.3 %) were used in combination with a higgercellulose
concentration of 40 g:1. All cultures displayed strong growthigure5.3-7 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¢ 0.95 day*, as well as displaying high phycocyanin concentrations from¢Z83 mg.d¢ (Table

5.3-4). Yields on substrate are much lower than observeitigi purified carbon substrates (typically
0.42¢0.52 g.¢) , at 0.06; 0.07 g biomass perlignocellulose, indicating a significant portion of either

unhydrolysed or unmetabolised material even for the most optimal conditions tested.
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[H:SQ]  [Hay

Figure N (%) (9.1Y ODo + X(mgmb =+ Umax(day?l) =+ Yus(9.9Y) = Yorox(Mg.gh) +
Autoclaved acid hydrolysate studies
Figure5.35A 1 0.50 50 12.7 2.60 0.35 0.05 34.7
1 150 50 1.4 n.d. - - -
1 250 50 1.4 n.d. - - -
Figure5.35B 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 0.0 221 0.7
3 0.75 10 4.9 0.1 1.08 0.01 0.41 0.05 0.11 0.0 224 0.5
Figure5.35C 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 - - - - - -
Figure5.35D 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 situacid hydrolysis
[HSQ] Yws  Calc Measured ePC
N (%) [Straw] ODxeoCalc XCalc(mg.mt) Umax (day?) (9.9 (mg.LY)
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

Table5.3-4 - Autoclaved and in situ hydrolysed lignocellulose supported growth and phycocyanin production

Culture overview oGaldieriagrown at 42C in 250 mErlenmeyer 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 cwiilst the concentration of sulphuric adiepresents

the catalyst used for hydrolysis, as all cultures were adjusted to pH 2.0 using 5 M KOH at ino@gdtitata used measured phycocyanin and assumed a
specific phycocyanin content of 30 mgig calculate biomass and yieldghe standard enor of the mean<) is presented where there are culture replicates

(N). The bolded data represents the most optimal culture conditiofiosetested.
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Figure5.3-7 - Growth of Gddieria on autoclaved lignocellulosacid hydrolysates
Growth ofGaldieriawas explored on various autoclaved acid hydrolysates by Jesse Armstrorf@€anh4D0 mL working volume Erlenmeyer flagkss0

g.Lt straw hydrolysate was unable to facilitate growth at 1.5 (red trianglér 2.5 % (blue circles) HSQ, whilst 0.5 % acid hydrolysate (black squares
A) supported growthB ¢ No difference between different acid concentrations of 10'duydrolysatedrom 0.25 (black squares), 0.5 (red triangles ), to
0.75 % bBQ (blue circles ). C- 20 g.t! straw (triangles , r ) shows impaired growth at both 0.4 (black filled) and 0.5,%Hysate (red open)
compared to 10 g:Lstraw lysate (squared , A). D- 40 g.t* autoclaved acid catalysed lysate supports growttsafdieriaat 0.2 (black squares ), 0.25

(red triangles ), and 0.3 % #$Q (blue circles ).
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5.3.c.iiIn situhydrolysis study
Many autoclaved hydrolysate cultures indicated at least some levgdaefth 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. DGaltherid a
naturally acidic growth enronment, and resistance to hydrolytic concentrations of a€igyre5.3-2),
exploitation of the organisi® characteristics was sought. It was thsed that by performingn situ

acid hydrolysis, wherein straw is added directly to flask culturegsaddlieria instead of pretreated
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 structurigsnay be possible to improve yields dugh 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 centrifugatmolarify 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 aultivated in combination with the finely milled straw, it becomes very
difficult to separate the cells frorte bulk particulate. Instead we may exploit a different property of
Galdieriastrain 141.D@iscussed throughout this Thesgj#s propensity to etain pigmentation when
grown in the absence of light. Were phycocyanin only expressed damtagrophic cultivation as for

many strains, the straw would severely impede light penetration and add more complex dynamics to
the expression of phycocyaniRorthe delimination of growth parameters (presented Trable5.3-4),

a nominal phycocyanin concentration of 30 mfvgas assumed at the end of cultivation

Jessie Armstrong also developed a chlorophyll biomass determination assay adapted from techniques
used for the growth monitoring dbunaliella salingHard and Gilmour, 1996\hereinchlorophyll is

extracted using dimethylsulphoxide and its quantity determined spectrophotometrically.

0.1 (pH 2.0), 0.25 (pH 1.6) and 0.5 % (PH LSPH Y O2Yo Ayl GA2Y HAGK HE Y2R;
and 40 g.t milled Timothy hay was prepared at 100Lnscale in 250 mL Erlenmeyer flasks and
inoculated with 1 OBy, of Galdieria Cultures were allowed to grow at 42 for 7 days at which point
Galdieriahad observably grown to a high cell dengfigure5.3-8). 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 mgtl.compared to 34.5 and 48.3 mg.for the 0.1 and 0.25 % acid cultures
respectively. The biomass concentrations were calculated assuming 30! nigracellular

phycocyanin concentrations of the cells, resulting in X,a352 mg.mt cells. These concentrations
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are about half that of thdinal autoclaved cultures using 40 gtay (2.43¢ 2.77 mg.mt). Overall,
the in situ hydrolysis strategy succeeded in supporting cultivation, and led to a trial of this growth

paradigm in the MK 4idift bioreactor.

Figure5.3-8 - In situ ignocellulose hydrolysate supported growth of Galdieria

Left¢ post inoculationin situhydrolysis culture with 0.5 %,8Q and 40 g.E milled Timothy
hay. Right; the same culture 7 days later. Photographs taken by Jesse Armstrong.
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5.3.d Bioreactor scale cultivation @aldieriaon in situlignocellulosic

hydrolysates
Following the demonstration at flask scale of successful cultivatioGaddlieriaon lignocellulose

added directly to cultures without preatment (n situ acid hydrolysis), an assessment was
undertaken to understand the viability of this technique at bioreactor scadieling straw particulate
directly to a continuous culture is not withoahallenges in terms of process design. In ordertsure

enough carbon was available to support growth @éldieriaa high concentration of straw was
required, and selected at 54 d.IThe bioreactowasoperated at a pH of B.in order to hydrolyse the

straw in the culture, whist the continuous feed diemwas pH 1.2 (0.5 %,8Q). This difference in

[H'] ensures the addition of the automated 10 M MMHat 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
contaning54gta G N> ¢ LI NI AOdzZ I 4ST FyR d &adzZOK | aRA&aA02Y
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 partituluspension 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 (2@.LY) was used as the starting batch phase growth substrate 4,48 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 cultu@ucose spported biomass up to 8.2 gtat day

7. On day 10 54 gllof straw was added and the continuous flow of medium into the reactor initiated.
Biomass concentration measutafter the addition of straw increased to 13.4 ¢.suggesting straw
particulateadding 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 biofdgateb(3-9,
orange triangles ). To compensate for this, the total optical densiteag presented, identifying
washout of the biomass over the course of the continuous phase as both biomass concentration and
total optical densities decrease. Sontgypocyanin production was observed however, with a maximal
culture phycocyanin concentration of 319 ragcurring 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 tinisituhydrolysis techniques is optimal for
producing phycocyanin frorGaldierig however with more research, and considering the extremely

low cost of lignoellulose, could show some promise.
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Figure5.3-9 - Discontinuous cultivation o€aldieriaon in situ Timothy hay hydrolysate

Il GRA&O2YUAY dzBahedavad gerfarmed in the\ N2Kya bigr&actor on an initial 20
glucose at 4ZC at an initial culture volume (orange triangfe$ of 4000 mL. At day 10 milled
Timothy hay was added to the culture at a concentration of 54, @hd the pH altered to 1.5. Adi
carbon free medium was added at a dilution rate of 0.6'gayith no exit pump. Instead culture w
manually removed back to 4000 mL daily, and additional lignocellulose added. Due to the vol
changes in the reactor, the total OD (black squ#@sspresented, as well as the total phycocyar
(red open circles ). Dry cell weight samples were taken from the sample before initiation of
continuous phase for offline monitoring of biomass (black open squajeas well as determinatic
of the specific pycocyanin concentration (blue circles please note the units of mgi4.0 in order
for clearer representation on the graph
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5.4 Summary and conclusions
Two interesting carbon rich waste resources were explored in this Chapter for their ability to support

growth of Galdieriafor the production of phycocyanin. Overall, biodiesel derived, unrefined glycerol
was demonstrated to be well suited for this taska d&vere 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 glucdse 0 mg.L.day*

under conthuous conditions versus 861 mg.day* on glucosefGraverhd and Eriksen, 20077 his
improvement in productivity is a direct result from the improvements in bioreactor design and
process parameters adapted for cultivationsGdldieriaon glycerol discussed throughout this

Thesis, rather than any particularfect of the biodiesel derived glycerol substrate itself. As such a
cheap and abundant resource (~£1Q050 tonne?), industrial use oGaldieriain this manner may

be commercially viable.

Galdieriawas found to grow reasonably well on lignocellulosiardss,n both pretreated acid
hydrolysate, andn situhydrolysis paradigms, and retained high intracellular concentrations of
phycocyanin when grown heterotrophically in this manner. Most interesting is the capability for
Galdieriato survive in the higly acidic environmentand beable to at least partially hydrolyse the
A0NF 6 I RANBOG LI AOIGAR2Y 2F GKS 2NHFYAAYQA
formation of inhibitory hydrolysis products could be overcome is exciting for furthezaeh on

Galdieria despite some difficulties in the technical application of including particulate matter in the

cultivation of microorganisms.
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Chapter6— I AN AFGO O0AZ2NBI
aealusSyYy RSOSt2LIYSYI

6.1 Introduction
As discussed in Chapter 3, high oxygen saturation is desired in heterotrophic cultivatidalsliefia

in order to improve phycocyanin productivities. The parameter was unable to be achieved
conventional stirred tank bioreactors, which rely on exerting shear into cell suspensions in order to
reduce bubble size and improve oxygen mass transjeving to the fact thaGaldieriais a relatively

large eukaryotic cell compared to most organss(ne. bacteria and yeast) for which stirred tanks are
used. As such, excessive shear was found to daGadgieria forcing a maximum impeller rate of
around 500 rpm, which was unable to maintain high oxygen saturations duringdaigity
cultivations.Building on previous research in the Gilmour laborai@sngert, 2013)a series of low
shear, high oxygen transport airlift bioreactors were developed specifically for usé&aitheria In

this Chapter, these reactors, their fabrication, and associatautrabsystems 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 phycocy@aidieria

A series of experiments wereegormed 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 r&estipn3.4.d). Unfortunately, at 500

rpm and 3.0 L.mif air flow oxygen became limited at around-20 g.t* dry cell weight during

heterotrophic cultivation, severelynpairing phycocyanin production.

In order to improve Ka and oxygen tension of the culture, an airlift bioreactor designed by a previous
student, Krys Bangerin our lah was used Figure6.2-1) (Bangert, 2013)This reactor was initially
designed foDunaliellasalinain autotrophic cultivations and is made out of cast acrylic, rendering it
unsuitable for heterotrophic cultivations ofiany organisms as it is unable to be autoclaved. The low
pHofD & a dzf LdkeduzMdraddicés ha incidence of contaminatiand may be applied according

to the nitrogen free techniques discussed in Chaptedldwing cheaper materials (acrylic) to beedl

for processes.

6.2.a Problems with previous design
.Yy 3ISNIQa NBIF Ol 2 N BundielaR&lisipAng goSsRsseE Ariitdd depth to aidh lighk
absorbance by the alga when grown under autotrophic conditions (75 mm). As such, the two baffles
reachfrom 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. FoD. salinathis was found to me morhan sufficient to provide adequate mixing even
at low air flow rates of 100 mL.mtr{0.033 VVM), due to low biomass (~1.0%y.and seKmotility of
the organismBangert, 2013)

6.2.b Mixing
As demonstrated iffigure6.2-1, the Bangert reactor suffered from several Rsrh EA Y3 60 a RS R€ 0

Upon observation, down and inwards liquid flow from the outside edges of the baffles ptsiards

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 motionF{gure6.2-1 A). This turbulence disrupted the flow of liquid
travelling under the baffles towards the spargdfigglre6.2-1 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 inoculatioq it was foundthat 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 @ B0 g.t%), 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 &wered observedimax, around 0.9 day, and the
settling of cells is likely to be a key contributorrtaularly in the earlier stages of a cultivatiahilst
lack of growth may be observed for many different types of microorganisms when inoculated into low
density liquid cultures, in our experienGaldieriais more than capable of growing in a 300 myuiti

culture from just a single colony over the course of a few weeks.

Galdieriag 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 ofghetor, underneath and

in between the spargers, as well as in the pores of the spargers.

._}[:_l B 9 IS i R 1A
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Settling zones

Eddie currents

Dead mixing
zone

Figure6.2-1 - Mixing problems with the Bangert airlift bioreacto

A-Schematic diagram of the 3.0 L Bangert reactor (adapted {(Bangert, 2013) B¢ Swirling
flow regimes below the baffles. €Swirling flow regimes adjacent to the baffles.
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6.2.C Foaming
Several issues arose when attempting -fetch cultivations ofGaldieriawhen using the Bangert

reactor. As shown byFigure6.2-1 A, the working volumef 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 arlift reactors inherently do not tolerate volume changes, as starting a cultivation, for instance
at 50 % working volume, would mean ththe liquid level would be below the top of the baffles. In

this scenario, no mixing would occur whatsoever. As dettnatesl byFigure6.2-1 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*glycerol to be prepared; 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 asaS®ngoncentration
increased leading to more stable air bubbles in the medium, observed as f&&mre6.2-2 B). This

foam was not fully dispersed biae inclusion of antifoaming compounds in the medium, leading to a

T N N Figure6.2-2 - Stable foam in theGaldieria
. bioreactor

A ¢ Stable system at >50 ¢.hiomass ofGaldieria
sulphuraria B¢ Foam close to the lid in the
Bangert reactor.

JRIDHDIND
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GKSFReé 2F F2FY 200dzNNAY3I RdzZNAy 3 OdzZf GAGEF A2y a dzLk
Bangert reactor, with its lack of headspace, foam would reach the top of the reactobeagxpelled
through the condenser and exhaust port, leading to severe loss of culture towards the end of high cell

density cultivationsKigure6.2-3).

Following severasuchincidencesthe decision was made to fabricate an airlift reactor specially

adapted for the high cell density cultivation @aldieria

Figure6.2-3 - Excessive foaming leads to culture loss in the Bangert reactor
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