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ABSTRACT

Due to the numerous disadvantages associatedivaitase of fossil fuels, focus has been
drawn on the environmentally friendly, renewable @arbon-neutral alternative, algal-
based biofuels. Many microalgal species have lstadied due to their ability to
produce significant lipid yields which may be corted to biodiesel. In the present study
three microalgal species were screened and a nuwdahism that produced maximal
lipid yields, had the greatest lipid productivitydashowed potential to be used on a large
scale basis, was selected. The selected specgeslerdified, using both morphological
and molecular methods, Bochrysis galban&J4. Nitrogen (N) limitation and depletion
studies showed that an internal N reservoir detegmicell growth and eventual lipid
accumulation inl. galbanawhen the external N reserves are deplete. Irludene N
depletion was associated with a decrease in thenpia size and chlorophyll content, a
breakdown of the chloroplast and the productionlafye lipid bodies which is
advantageous in terms of lipid sequestration fadigisel production. Cost reduction
approaches for the mass culturd.afalbanawere investigated. Factors that were proven
to reduce costs, without altering the final lipigtlg, included the use of urea as a N
source and the supply of lower phosphorus (P) $eselce this species is capable of
growing optimally with as little as 0.25 ppm P. r#hermore,l. galbana cells
demonstrated spontaneous flocculating abilities nwbeltured for prolonged periods.
This is advantageous in the cost reductions of dtneam harvesting processes. Both, 7
L and 16 L photobioreactors (PBR) were tested. tuCel upscale resulted in the
concomitant decrease in algal growth rate which ataibuted to the limitations on the
carbon dioxide and light supply in scaled up systeidence, it is suggested that multiple
smaller units be used in an industrial setup. @lidr galbanais a promising candidate
for biodiesel production, due to its ability to puze large amounts of lipid, its elevated
growth rates and low P demand. The use of a tves@WPBR (The first phase being
nutrient replete, promoting cell growth and divisioand the second phase nutrient
deplete, promoting lipid production) for the masstwre of this species in industry is
recommended.
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continuous mode at flow rates of 1.44, 2.1693and 5.03 ml/min respectively.

culture was maintained in batch mode after 173our

Figure 9.11: Bubbled (bubble colum—*—) and nonbubbled (racew:
[shaken],—*—and pond ([still], ) |. galbana batch cultures obtained from

effluent of System 1 othe continuous PBR with a flow rate of 1.44 ml/miithe cel
concentration &), lipid content B), chlorophyll a conten{C) carotenoid to chloroph

ratio O) and pH E) were monitored.

Figure 9.12: Bubbled (bubble colum—®—) and nonbubbled (racews
[shaken],—®—and pond [still], ) I. galbana batch cultures obtained from

effluent of System 1 of the continuous PBR withl@wfrate of 2.16 ml/min. The ¢
concentration &), lipid content B), chlorophyll a conten{C) carotenoid to chloroph

ratio O) and pH E) were monitored.

Figure 9.13: Bubbled (bubble colum—®—) and nonbubbled (racews
[shaken],—®—and pond [still], ) 1. galbana batch cultures obtained from
effluent of System 1 of the ctnuous PBR with a flow rate of 3.59 ml/min. Thell
concentration &), lipid content B), chlorophyll a conten{C) carotenoid to chloroph
ratio ©) and pH E) were monitored.
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Figure 9.14: Bubbled (bubble colum—*—) and nonbubbled (racews:
[shaken],~®—and pond [still], ) |. galbana batch cultures obtained from

effluent of System 1 of the continuous PBR withl@wfrate of 5.03 ml/min. The ¢
concentration &), lipid content B), chlorophyll a conten{C) carotenoid to chloroph

ratio ©) and pH E) were monitored.
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CHAPTER ONE

Literature Review



1.1 General introduction

Microalgae are the most abundant primary produserthe world (Matsunagat al,
2009; Msanneet al, 2012). Algae utilize water, carbon dioxide aadiant energy for
rapid growth and can be harvested daily (Haag, 2005anneet al, 2012). These
photosynthetic microorganisms have significant ptg in numerous applications that
contribute to the food and feed industry, humanltheare, and the energy industry
(Seshadriet al, 1991; Knuckeyet al, 2006; Wijffels, 2007). Heavy metal
bioremediation by microalgae is also currently wideesearched (Matsunaga et al.,
2009).

The production of biofuels such as biohydrogen géret al, 2005; Berberoglet al,
2007; Hankameet al, 2007; Beeret al, 2009, Mussgnu@t al, 2010), biomethane
(Gunaseelan, 1997; Mussgnagal, 2010) and biodiesel (Chisti, 2007) from algas ha
received much attention of late. The focus of ¢herent project is primarily on the
successful production of biodiesel from microalgdde lipids produced by microalgae
can be transesterified into biodiesel (Chisti, d0@rd the excess biomass, after oll
stripping, can be converted into animal feeds, ydobgen, methane and ethanol (Haag,
2007). Excess carbon dioxide emitted from factoerd power plants can be used to
promote algal growth, in turn reducing the emissibrgreenhouse gases and having a
positive impact on the current global warming erigPatil, 2007; Yeang, 2008).
However, the successful production of biodieselires a system that enables the mass
culture of algal strains that produce maximal ligidld. Although much research has
been conducted on systems used for the mass caoftangeroalgae no definitive success,

in terms of commercial viability, has thus far beshieved in this field of research.

1.2 Biodiesel production from microalgae

Energy production by microalgae has been activetgarched for the past sixty years.
Initial studies focused on the production of methgas from the carbohydrate portion of
algal cells (Meier, 1955; Oswald and Golueke, 196@ubsequent research into the
utilization of the lipid portion of algae, for bieél production, was motivated by the oll

embargo that was proclaimed in 1973, which resuitedhe beginning of extensive



alternate energy source studies (lu al, 2008; Elshahed, 2010). The most
comprehensive study focused on biodiesel from algees conducted by the US
Department of Energy and was termed the Aquaticci8peProgram. The program
spanned eighteen years (1978-1996) and was prynfadused on biodiesel production
from oleaginous algae that were grown in open pomdfng waste carbon dioxide
obtained from coal fired power plants (Sheebkaml, 1998). During the course of the
program, 3000 algal strains were isolated. Thalatgllection was further narrowed
down to 300 promising species that were selectsddan lipid production and tolerance
to severe environmental conditions. The role ofrient depletion leading to lipid
accumulation was observed early in the program #r& enzyme Acetyl CoA
Carboxylase (ACCase), used to catalyse a key step synthesis, was discovered. The
program ended in 1996 when it was concluded trehigh production costs of biodiesel
from algae make it a non-viable alternative to geliesel (Sheehaet al, 1998; Huet
al., 2008).

Due to the negative impact of the burning of foligélls on the environment, the surging
petroleum prices and the ever-depleting petroleupplges, renewed interest in biofuel
production from microalgae has been sparked over pgast decade (Akinci, 2008;
Sharmaet al, 2012). Fossil fuels are a non-renewable regoar the combustion of
these fuels results in the utilization of “old” mass with the concomitant release of
“new” carbon dioxide into the atmosphere thus dbatmg to global warming.
Conversely, the combustion of microalgal basedi$ipiould result in the discharge of no
new carbon dioxide, due to the consumption of #heaised gases for a cycle of new algal
growth (McKendry, 2002). Biodiesel therefore forraa environmentally friendly
alternative to fossil fuels (Chisti, 2007; Duan12

Commercial biodiesel is commonly extracted frombsan oil, palm oil, rapeseed oil,
and waste cooking oil. Biodiesel production frdrage sources is however unsustainable
due the limited availability of arable land for tlaltivation of both energy and food
crops (Liuet al, 2007; Elshahed, 2010). Microalgae can be messuped in artificial

waterways constructed on land that is agricultyradarginal and thus need not compete



with crop production. Certain algal species, sastBotryococcus brauniiare able to
produce oil yields that exceed as much as 70% ef ttwn dry weight. Oil crops, in
comparison, produce oil that is approximately 5%hair total biomass since only the
seeds, which store oils as an energy source egabliowth for subsequent plant
generations, are available as a lipid source (Bed@94; Ohlrogge and Browse, 1995;
Chisti, 2008). The rapid growth of microalgae, ethcommonly double their biomass
within 24 hours, implies that a relatively smakarof land would be required for its mass
culture, making it more desirable as a fuel souetative to conventional oil seed crops
(Chisti, 2007, 2008; Liet al, 2007; Yeang, 2008).

A wide range of algal species produce various hyahtmons, lipids and other complex
oils. Many of these products may be used as feetiddiesel (Chisti, 2007; Msanme¢

al., 2012). Lipid production may be further maximizeid the alteration of numerous
growth conditions. A few of these manipulationslirde nitrogen deprivation (Zhilet

al., 2005), phosphorus limitation (Derg al., 2009), decreased cultivation temperature
(Xin et al, 2011), high salinity (Duaret al, 2012; Sharmeet al, 2012), silicon
deficiency (Jwet al, 2011), elevated light intensity (Roessler, 199Q;et al, 2012), co-
immobilization in alginate beads with certain baetle species e.g.Azospirillum
brasilense(de-Basharet al, 2002), high carbon dioxide concentrations (Céiual,
2009) and heavy metal stresses (ktual, 2007). When exposed to the above stated
stressful conditions, photosynthetically fixed @arkis converted into storage products
such as lipids. Since, under normal conditiongt@ynthetically assimilated carbon is
utilized for algal growth and reproduction, the @oailation of storage compounds would
be at the expense of algal growth. It may theeefbe deduced that an inverse
relationship exists between algal cell growth atatagie product accumulation in the
form of lipids (Csavina, 2008; lat al, 2008b).

The overall lipid yield, for biodiesel productiois however dependent on both algal
growth rate and lipid yield (Griffiths and Harrisa2009). A system therefore needs to
be established that takes algal growth, through beli division and lipid accumulation,

into consideration. Thus a biphasic process, wiyeog/th occurs initially followed by



lipid accumulation in response to stress, is arakmonsideration in any attempt to

produce maximal overall lipid yields.

1.3Lipid accumulation pathways in microalgae

It is necessary to understand the underlying meshanby which cells accumulate lipid
and the triggers initiating this process for thecassful promotion of lipid accumulation
in microalgal cells. Lipids have important physigical roles in plants and algae. They
serve as energy storage, aid with the structuggdau of cells in the form of membranes
and even serve as intracellular signaling compouipisrphy, 2005; Lacouret al,
2012b). Storage lipids are desired for the pradoaf biofuels since they are composed
of glycerol esters of three fatty acids known aacwuiglycerols (TAGs). TAGs are
mostly stored in specialized cytosolic compartmengsrrounded by monolayer
membranes, which are referred to as lipid bodi¢dr@@ge and Browse, 1995; Hu, 2008;
Yu et al, 2011; Sharmat al, 2012). TAG accumulation is generally triggelsdthe
onset of unfavorable environmental conditions asllts in the presence of an energy-
rich reserve that may be catabolised upon therrestifavorable conditions (Roessler,
1990; Yuet al, 2011; Sharmeat al, 2012). TAGs may also serve as a free fatty acid
(FFA) sink thereby preventing lipo-toxity that magcur as a result of the accumulation
of excessive FFAs in the cytoplasm (Kueagl, 2006).

The process of fatty acid biosynthesis in algagotsfully understood. However, much is
known about lipid synthesis pathways in both aniarad plant models and it is believed
that the pathways in plants are similar to thosdent in algae (Yiet al, 2011). Both
carbon dioxide and energy, obtained from ATP andDiAH, are required for the
initiation of lipid synthesis (Schendét al, 2008; Griffithset al, 2011). These energy
molecules are produced during the light phase aitqsynthesis and carbon dioxide
uptake is evident during the dark phase (Griffghal, 2011; Sharmat al, 2012). ATP
and NADPH are consumed for the production of bi@maghe dark phase, when normal
growth conditions are prevalent. This results ia #vailability of ADP and NADPas
acceptor molecules for the light reactions of phptbhesis (Figure 1.1). Nutrient

stresses lead to growth impairment, but photosgrhmsntinues due to light availability



thus ADP and NADP are still required regardless of growth cessatidrhe pool of
acceptor molecules can be replenished under grbmiting conditions by fatty acid
biosynthesis thereby preventing the damage ofcosliponents (Thompson, 1996; ldu
al., 2008; Lacouet al, 2012a; Sharmet al, 2012).
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Figure 1.1: Photosynthetic pathway resulting in the conversiérsolar energy to chemical

energy in the chloroplast (adapted and modifiechf&chenlet al, 2008).

The key steps in lipid synthesis occur during thekdohase of photosynthesis and are
mediated by the Calvin cycle (Figure 1.1). Durthg Calvin cycle 3-phosphoglycerate
(3-PG) production is catalysed by the enzyme Ruabigtbulose-1.5-bisphosphate
carboxylase/oxygenase) from the substrates ribuldsdisphosphate (RuBP), carbon
dioxide and water. Reduction reactions follow, veh8-PG is converted to the final



output of the Calvin cycle, namely a three carba@mipgound, glyceraldehyde-3-
phosphate (G3P) (Schenk, 2008; Figure 1.1). Upgeolysis G3P is converted to the
basic fatty acid precursor, acetyl CoA (Griffithisal, 2011; Yuet al, 2011).

Like photosynthesis, fatty acid synthesis occurthenchloroplast and is initiated by the
carboxylation of acetyl CoA to form malonyl CoA lihe enzyme acetyl CoA
carboxylase (ACCase). This is considered the dostmitted, rate-limiting step in lipid
biosynthesis (Wakikt al, 1983; Livne and Sukenik, 1992; Hu, 2008; Gtif$iet al,
2011) hence the attempt to increase lipid yieldtheaover-expression of ACCase during
the Aquatic Species Program (Sheeleinal, 1998). Elevated lipid yields were,
however, not observed using this mechanism, pgssbl a result of the complex
regulation of ACCase (Scott al, 2010) or the disruption of cellular metabolic
equilibrium (the limited supply of carbon is reqedrby multiple metabolic pathways and
not only energy storage pathways) (Greenvetllal, 2010). ACCases have been
successfully purified and characterized from twanoalgal species, namelgochrysis
galbana(Livne and Sukenik, 1990) ar@yclotella cryptica(Roessler, 1994) and have
been shown to be similar to those obtained fronmdnigplants (Huet al, 2008). The
isolation and cloning of the gene encoding ACCas€yclotella cryptica(Roessler and
Ohlrogge, 1993) showed the presence of an anal@fua trans-membrane signal
sequence at the N-terminus, implying the possitd@stocation of ACCase via the

endoplasmic reticulum to the site of lipid syntlsase. the chloroplast (Het al, 2008).

The central carbon donor for fatty acid synthesisialonyl CoA (Ohlrogge and Browse,
1995). The malonyl group is transferred from C@Aat protein cofactor, acyl carrier
protein (ACP), prior to entry into the fatty aciginshesis pathway (Figure 1.2). All
subsequent reactions in the pathway leading t@tbduction of a 16 to 18 carbon fatty
acid, involve this ACP until the products are re&alype exported from the chloroplast or
transferred to glycerolipids (Ohlrogge and Brow4®95; Hu et al, 2008). The
production of fatty acids from malonyl CoA requiras least 30 enzymatic reactions
catalysed by enzymes that are located in the strointhe chloroplast (Ohlrogge and
Browse, 1995).
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Figure 1.2: Fatty acid biosynthesis pathway in chloroplast el from Huet al, 2008).

These fatty acids are then converted to acyl-Cotergsthat are transferred to the
endoplasmic reticulum (ER) for modifications ané groduction of membrane lipids or
storage TAGs (Kot al, 2004). The Kennedy pathway for TAG biosynthesisthe
ER, was first described in the 1950s and involVesdgequential, triplicate, acylation of
glycerol-3-phosphate with acyl-CoAs with the aid esfzymes called acyltransferases
(Kennedy, 1961; Yuet al, 2011). The resultant TAGs, upon reaching specifi
concentrations, bud off from the ER, forming distitipid bodies (oleosomes) in the
cytoplasm (Scotet al., 2010).

1.4 Algal selection & identification

The selection of a suitable algal species, to bed us the production system, is
imperative to obtain maximal oil yield (Zebib, 2Q008Furthermore, species selection
influences the bioreactor design, growth conditioharvesting method, choice of
location for algal mass culture and product rarigdz and Gross, 2004; Griffitret al,
2012). At present, there are approximately 30 K@fwvn microalgal species (Burtat



al., 2009). Species that display an elevated oitesdrincludeSchizochytrium spwhich
produces between 50 and 77% oil relative to itswieyght, Botryococcus braunithat
produces up to 75% oil andannochloropsis spthat produce between 31 to 68% oill
(Chisti, 2007).

The microalgal species selected for biodiesel pebadn should portray elevated growth
rates and high intrinsic lipid yields (Doat al, 2011). The ability of the species to
flocculate (clump) should also be taken into actowmen selecting an isolate.
Harvesting (removal of the algae from water) isoatly process. Clumping would be
advantageous, in the production system, due tedtibng properties that it would create
thus aiding in the harvesting of the algae i.e.dlgal clumps will be heavier and fall out
of suspension and may easily be collected. Magynpesiophytes have been observed
to flocculate. Clumping is, however, disadvantage that it creates a three phase
system (gas/liquid/solid) that decreases massfarastes and results in the clogging of

filters downstream from harvesting (Carvaktal, 2006).

1.4.1 Marine microalgae

The dominant primary producers in aquatic systemss ogeanic microalgae. These
microorganisms are imperative in any marine ecesyss they are the chief provider of
energy, organic matter, essential fatty acids aod for other oceanic organisms. They
therefore serve a major role at the base of the &bain (Zhukova and Aizdaicher, 1995;
Matsunageet al, 2009; Stephensost al, 2011). Despite the fact that these organisms
contribute to as little as 1% of the world’s photathetic biomass, their annual global
carbon fixation is similar to that accomplished thyrestrial photosynthetic organisms.
This may be as a result of the elevated photosyintheductivity and metabolic activity
of marine microalgae in comparison to terrestriahis (Fieldet al, 1998; Huntley and
Redalje, 2007; Matsunagat al, 2009; Stephensoet al, 2011). Marine microalgae
consist of numerous species, which portray a hegetic diversity, thus enabling them
to inhabit a vast range of sunlit niches and tdstdnd an array of extreme conditions.

This assortment of genetic potential makes foraanging collection to be screened for



the selection of a candidate species for biofuetipction (Harwood and Guschina, 2009;
Stephensoet al, 2011).

Furthermore, marine microalgae do not require ithé@dd supply of fresh water, as they
grow and proliferate in seawater. They also compearginally for land necessary for
the growth of terrestrial crops, due to their apitio grow on arid land, making them
ideal biofuel production candidates (Posten anda@®th2009; Stephensan al, 2011,
Schlesingeet al, 2012). Much research has been conducted oereaphile microalgal
species. The extreme growth conditions enable tm@iss culture in open systems
without much contamination risks (Huntley and RggaP007; Burton, 2009). It is
possible to culture any single species without memhcern of contamination in closed
cultivation systems. The potential for contamio@atis even more reduced when using
marine species as many potentially contaminatirgnisgcannot tolerate the high salinity

of seawater.

The diverse array of microalgae include the protcycyanobacteria (blue-green algae),
dinoflagellates, bacilliarophytes (diatoms), rapulytes, haptophytes and chrysophytes
(golden-brown algae) (Harwood and Guschina, 20@91yB 2011). Numerous species

have been exploited for lipid production. Howewvessearch needs to concentrate on
marine microalgal species due to the numerous,&bwntioned advantages associated
with marine aquaculture (Chisti, 2007; Gouveia &tigeira, 2009).

Of the various groups mentioned, one of the mosingsing for biodiesel production is
the haptophytes. In the early 1900s, haptophytese wclassified in the class
Chrysophyceae. By the mid 1900s, sufficient ulttedural data had been accumulated
due to the advent of electron microscopy, to allbem to be placed into their own class
known as the Haptophyceae (Daugbjerg and Andetks@®i/). Haptophyte algae have
derived their name from the presence of a haptor{@mderson, 2004). The haptonema
is a unique filamentous structure that is locatetiveen two relatively equal length
flagella. It ranges from being rudimentary (vehps - only evident under the electron

microscope) to very long (even longer than the dlay and consists of fewer
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microtubules than the flagella making it thinneofHand Green, 1985). The haptonema
is used for the attachment to surfaces and theseapft prey. It may also play a role in
the avoiding response (Kawacati al, 1991; Joneegt al, 1993; Inouye and Kawachi,
1994; Skovgaard and Hansen, 2003; Yoshetlaal, 2006). At present the division
Haptophyta is sub-divided into two classes, nantbly Prymnesiophyceae and the
Pavlovophyceae (Cavalier-Smith, 1998; Edvardseal., 2000).

The haptophytes that were screened for the cupmgject includedPlatychrysissp.,
Isochrysissp. andPleurochrysissp. All of the screened isolates have been shown
store excess carbon as lipddheimani and Borowitzka, 200&enget al, 2011; Chen
et al, 2012a; Sanche# al, 2012; personal observatjorHowever, no studies relating to
biodiesel production has been conducted thus fdéh Wiatychrysissp. Species of
Isochrysishave been mass cultured but most studies weredaamiacreasing algal yield
to be used as aquaculture feeds (Juario and Stt®8d, Enrightet al., 1986; Helm and
Laing, 1987; Renaudt al, 1991; Sukenik and Wahnon, 1991; Wikfors and dpsdin,
1994; Borowitzka, 1997). In recent studies howespgcies of botlsochrysis(Fenget
al., 2011; Cheret al, 2012a; Sancheet al, 2012) andPleurochrysis(Moheimani and
Borowitzka, 2006) have been investigated as potential candidates bfodiesel
production. Species ofsochrysis have also been highlighted in numerous biofuel
reviews (Chisti, 2007; Dengt al, 2009; Haruret al, 2010; Mateaet al, 2010; Singh and
Gu, 2010; Vermat al, 2010).

1.4.2 Species identification

It is imperative to determine the identity of thedel organism selected for biodiesel
production. Morphological, physiological, biocheali and genetic characteristics may
be compared with those of known algae to determvimether the current isolate is unique
or not (Masoret al, 2003; Parlet al, 2007; Liet al, 2008a).

Haptophyte taxonomy and classification may be Hyoadtegorized with respect to the

type of scales (coccoliths and organic) that thalgme possess or do not possess.

Generally it was believed that mineralised scafdsaptophytes are calcified whilst those
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of the Chrysophyceae are always silicified. Sdicg cyst formation was however
recognized in the haptophy®ymnesium parvur(Hibberd, 1980). Yoshidat al. (2006)
also recently described a haptophyte bearing sllisescales. Thus, a combination of
taxonomic techniques need to be conducted to adedngefinitive algal identification,
and not merely base it on morphological charadtesisuch as scale type. A similar
observation was evident in the identification of tlaphidophytes where the difficulty in
classifying the algae, based on morphological nigthwas due to some of the species
displaying pleomorphology (Kat al, 2006). Differences in size and shapes of aispec
of alga have been observed under varying envirotaheronditions resulting in
ambiguous identifications. Numerous molecular é#) including nested single-cell
PCR and single cell random amplified polymorphic A6C-RAPD), proved valuable
in the identification of these algal species (Kiaal, 2006).

Molecular methods for algal identification are atesent widely applied. These
techniques are possible due to evolutionarily-couesk sequences such as ribosomal
RNA (Metting Jr., 1996). DNA may be extracted frahe organism using numerous
methods. The method used for DNA extraction fromroalgae needs to be effective
across a broad range of algal lineages, requiredl simounts of cellular material and
needs to be rapid and inexpensive. Current, ssitdetechniques for algal DNA
extraction are mostly based on variations of thelttenethylammonium bromide
(CTAB) method of Doyle and Doyle (1990) (Fawley draivley, 2004).

Specific regions of the extracted DNA may be angdifusing the polymerase chain
reaction (PCR). With the aid of appropriate pris#rat flank the region needing to be
amplified, and optimal melting and annealing terapaes, multiple copies of the region
of interest may be obtained. The PCR products timaxy be sequenced and the sequence
obtained may be aligned with multiple previouslgatified sequences of the same
region, from various other algal species, to detgemhow similar the sequence of
interest is in comparison to the known sequencethenGenbank® genetic sequence
database. Bioinformatics tools such as PhyloDr@ho{ et al, 2000) may be used to

construct a phylogenetic tree which would show seqa similarity based on the branch
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lengths, distances from each other and bootstrg@pialyses. Bootstrapping is a process
that involves resampling from the original data tiplg times and then determining the
significance of the data in terms of a confidenderval (Franet al, 2006). Branches
with confidence intervals of 95% and greater aresatered reliable. Using the above
stated techniques the algal species may be idmhtifir a novel species may be

recognized.

The selection of the algal species to be useditmlidsel production should be one that
produces maximal lipid yield. Attempts to furtheptimize the lipid yield of the
organism via various methods including nutrientroeion and genetic modification
may also follow (Zebib, 2008; Leon-Banaetsal., 2004).

1.5Mass culture of microalgae

A low-cost, large-scale production system is regpiifor the mass production of
microalgae to be utilised for biodiesel generatiodumerous bioreactor designs have
been established for this purpose but each desap its own set of associated
shortcomings and benefits (Griffitles al, 2011). Current commercial applications are
primarily restricted to the low-volume/high-valueoduct markets i.e. microalgal species
are mainly mass produced for feed ingredients gedislty foods (Spolaoret al. 2006;
Harunet al, 2010). The factors impeding the commercialaaif microalgal oils for
biodiesel production include low lipid producties, elevated energy requirements for
both the cultivation system and downstream hamgstif the biomass and expensive
techniques used for the extraction of lipids @wal, 2006; Fengt al, 2011)

1.5.1 Photobioreactor systems

Large-scale, commercial microalgal culture origagkin the early 1960s, in Japan, where
Chlorella was cultured. Numerous other ventures followeith wuch attention being
focused on the mass cultureSyirulinafor health food. Algal culture during that period
generally revolved around the use of fairly unseft@ted open air ponds that lacked
artificial mixing (Borowitzka, 1999). At presentdlonly practical methods for the large

scale production of microalgae are tubular phot@aictors and raceway ponds (Chisti,
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2007). The predominating culture systems currealyp include fermenters, cascade
systems and crude methods such as large transpdasitit bags (Borowitzka, 1999).
The selection of the bioreactor system for algassneulture is just as important as the
selection of the model organism since the growstesy controls the conditions under
which the organism grows (Greenwedt al, 2010). The factors that need to be
considered when choosing a culture system inclbdentitrients required by the algae,
the physiology of the algae, the cost of land, éhergy required to run the system and
water usage (Borowitzka, 1999).

Open ponds

Harvest Feed Paddlewheel

Baffle Flow Baffle

Figure 1.3 (A): Aerial view of opened, raceway photobioreactorigh2007) andB): closed,
tubular photobioreactor (www.bioenergy-noejorg

Majority of the large commercial systems that argently in use are open-air systems
due to the significantly elevated costs and scaledifficulties of closed systems
(Borwitzka, 1999). Raceway ponds (Figure 1.3 A) ane of the most common forms of
open-air systems. They consist of closed loopeeltion channels. Paddlewheels are
used for mixing in these ponds and baffles are @ieedirecting flow around the bends
(Figure 1.3 A). Open-air systems are disadvantag@othat they produce low biomass

yields in comparison to closed systems (Chisti,7200
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Another short coming of the open culture systentiéslimited range of microalgae that
may be maintained in monoculturéSpirulina, Dunaliellaand Chlorella are the only
genera that have been successfully monoculturaty ukis system because they can
tolerate extreme culture environments, e.g. low pétsnormally favoured by most other
algal species. However the culture may still betaminated with other organisms such
as bacteria and fungi (Lee, 2001). The inabiltgontrol the climate is another problem
associated with open air systems, which requireg@ate illumination for maximal algal
growth (Borowitzka, 1999).

Studies have focused on the use of closed systmnadal culture due to the need for
increased biomass production and the ability tontaam monocultures under defined
culture conditions (Lee, 2001). Tubulairlift photobioreactors (PBRs) (Figure 1.3 B)
work optimally under non-limiting light levels onlyhen the photosynthetically
produced oxygen is continuously removed and whebooadioxide supply is non-
limiting. In addition, the temperature of the gyatneeds to be controlled (Babcockelr.
al., 2002). Light intensities within the photobiotea also have a significant impact on
cell growth. In dense cultures, light is rapidtieauated within the photobioreactor, thus
placing a limit on the maximum bioreactor diamdteroptimal algal culture (Wet al,
2004). Light distribution and algal cell exposui@ incident radiation within the
bioreactor is significantly affected by the miximgnditions and the geometry of the
bioreactor (Babcock Jet al, 2002).

Mechanical mixing or airlift pumps may be used taimain turbulent flow and mixing in
PBRs. Airlift pumps are preferred and have beexessfully utilized in numerous algal
mass culture systems. Mechanical mixing may dantlgebiomass due to the rough
mode of agitation (Chisti, 2007). Mixing in PBRasures the algal cells experience
sufficient periodic cycling between the light aratklzones thus optimizing the exposure
times of all cells to adequate amounts of ligralf8ock Jret al, 2002; Wuet al. 2004).
Mixing is also advantageous in that it preventar@es sedimentation in tubes (Chisti,
2007) and minimizes biofilm formation on the int@rrsurface of the bioreactor thus

optimising light penetration (Loubieret al, 2008). However, mixing may also be
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counterproductive in that it creates shear forbed might be detrimental to the more

fragile algal strains (Babcock &t al, 2002).

A study conducted by Kazaket al. (2007) showed that spargers (porous tubes os disk
used for bubbling gases into liquids) used in belddlumns have a significant positive
impact on the overall operating of the PBR systérhe design parameters that need to
be considered in these PBRs include the size ofbthxbles and the duration of gas
retention in the column (gas-holdup). The colureprgetry and the physical properties
of the liquid phase coupled with the sparger poaendter have been shown to influence
gas-holdup (Kazakist al., 2007).

A variety of spargers have also been used in systemalgae mass culture. Eriksen
al. (1998) utilised a dual sparging system in themtmuous PBR system. The spargers
had a dual function, one with small bubbles wasafration (to deliver C£) and one
with larger bubbles mixed the algal culture. Tlstem lacked any form of mechanical
mixing, to reduce shear stress to the algal cellfie incorporation of dual spargers
provided a gentler method of mixing but still mained comparable levels of
productivity relative to those obtained in systesmith mechanical mixing (Erikseet al
1998).

As evident from the above mentioned studies, nuosefactors need to be taken into
consideration when selecting the optimal systemnftcroalgal mass culture. Upon
rigorous analysis of the advantages and disadvestagsociated with each culture
method a choice may be established between a ctosagened system. Modifications

and optimizations of the chosen production systeoulsl follow.

1.5.2 Algal harvesting

Harvesting refers to the solid-liquid separatiosuténg in the recovery of algal biomass
for further processing. Microalgal harvesting ncaytribute to approximately 20 to 30%
of the cost of biomass production (Grireaal, 2003; Mataet al, 2010). No radical

advances in this field have been achieved sincd #6€s (Golueke and Oswald, 1965)
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however it is still an ongoing research area andouwa harvesting technigques are
currently being optimized (Matet al, 2010). The methods of cell harvesting that are
frequently explored include sedimentation, filloati flocculation, flotation,
centrifugation and electrophoresis techniques (Matal, 2010; Udumaret al, 2010b;
Griffith et al, 2011).

The chosen method is greatly species specific éw dependant on the desired final
products (Sheleét al, 1984; Richmond, 2004; Uduman al, 2010b). Species specific

factors influencing the dewatering process incloelésize, shape, density, motility, cell-

surface properties and the variation of these ptiggeat different life stages and in

response to the cellular physiological state (Gretinet al, 2010). Much research has

been conducted on freshwater algal species andessika studies on marine isolates have
lagged behind. Since focus has been placed omiccalgae, due to limited freshwater

resources, it is imperative that methods of mawgal flocculation be established

(Uduman, 2010b).

Various authors have analysed a range of harvestingtegies to optimize the
downstream microalgal dewatering process:

e Millamena et al (1990) analysed the effect of chemical floccolati using
aluminium sulphate (alum) and lime on the diatddtsetoceros calcitranand
Skeletonema costatuand the flagellatessochrysis galbanaand Tetraselmis
chui. All species excludingsochrysis galbandlocculated, resulting in greater
than 80% cellular recovery, using both lime andmal®@ptimal pH ranges for

each treatment was however necessary to utilissnihienal chemical dose.

e Leeet al, (2009) used microbial colonies grown with vagocarbon sources
(glucose, glycerine or acetate) to initiate thecdldation of Pleurochrysis
carterae  Clumping occurs due the secretion of extracailupolymeric
substances (EPS) by the flocculating bacteria, Itireguin the adherence of
microalgal cells to themselves and the bacterialsodia. This process is

advantageous in that carbon sources, such as glyaet acetate, are byproducts
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of biodiesel production and no metallic flocculami® used that may lead to

downstream contamination of the final product.

e Sanyancet al (2011) carried out a study with the aid of thehteque, response
surface methodology (RSM) to determine the optirparameters for the
harvesting ofChlorella sp. using alum and ferric chloride. The duratiequired
for maximal flocculation, pH and coagulant dosages wuccessfully determined
using RSM thereby offering an alternate technigureharvesting experimental
design. Ferric chloride resulted in the efficilntculation of this species but is

very expensive.

e Eldridge and colleagues (2012) used inorganic arnghroc coagulants to
flocculate various marine microalgal species. Alana iron sulphate resulted in
more than 90% of etraselmis suecicandChlorococcunsp. flocculating without
any pH adjustments being necessary. Other spsu@sadsochrysis galbana
Dunaliella tertiolectaand Nannochloropsis salinavere not as easily flocculated
and required more then two times the coagulantexnation to achieve similar
flocculation efficiencies. The factors contribgirto the difference in the
flocculation in the various species include celiesisurface area and surface

composition.

Despite of the numerous studies conducted on mgaeaharvesting and recovery, no
single method may be seen as better than the n€kis may be as a result of the
affectivity of the methods being based on the s=etm be harvested, culture medium and
end product (Sheledt al, 1984; Uduman, 2010b). A harvesting techniquss theeds to
be established post selection of the microalgaeiepéo be used for biofuel production.
This method should be economically feasible, reguminimal energy, possess an
elevated recovery efficiency with minimal cell dageaand allow for the recycling of
water and nutrients (Griffitet al., 2011).
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1.6 Future prospects of algal based biofuels

A significant amount of research and developmenggms are conducted worldwide
with the sole objective of ultimate algal biofuelnemercialization. To date over 150
algal biofuel companies exist. The United StatésAmerica has dominated with
approximately 80% of these companies based thdoewid by 13% in Europe and the
remaining 9% elsewhere (Singh and Gu, 2010). &@86 of the companies utilize
closed systems for algal mass culture. Open paedsydless of their decreased cost
implications, are only used by 25% of the comparded the remaining companies
exploit natural settings for algal mass culturen¢iand Gu, 2010). The increase in the
use of PBRs may be an outcome of cost reductionsiane modern versions of these
systems in the US resulting in approximately anaégxpenditure for PBRs and open
ponds (Piccolo, 2009).

One of the largest algae investments in the Europd@ion (EU) is the £26 million
project by the British company, Carbon Trust. Tihal goal of the project is to construct
large algal farms in North Africa. Preferable mags for these algal farms are the coast of
the Mediterranean Sea due to the warmer tempesatuigich do not go below 15°C
year-long, experienced there (Piccolo, 2009). @@sisuch as Egypt, Algeria, Morocco
and Tunisia, that lie on the south of the Medittean, are attractive for algal culture due
to the vast desserts where these algal farms magthblished. The development of such
industries in Africa would be greatly beneficial ithat they would create job
opportunities and exposure of scientists to a aasty of technologies. The successful
commercialization of algal-based biofuels wouldstitnave numerous worldwide benefits

both economically and environmentally (Piccolo, 208ingh and Gu, 2010).

The key strategies for algal biofuel commercial@atinclude the selection of a fast
growing and TAG-rich microalgal species, the depeient of a cheap and
uncomplicated process for mass culture and hangsind the development of an algal
biorefinery (Greenwelkt al, 2010; Singh and Gu, 2010). Most of this haveaaly been

discussed above but the biorefinery concept hasbeen mentioned thus far. A

biorefinery may be defined as the processing ofnlags to result in the production of a
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wide array of end-products including energy thergiaximizing the value obtained from
the biomass source. The recycling of water andienis involved in the process also
contribute to the biorefinery concept (Greenvetlal, 2010; Singh and Gu, 2010; Alba
et al, 2012). Products such as livestock feed, nusiand food supplements for human
consumption, chemicals required for the productdrpharmaceuticals and pigments
may be produced by algae (Brennan and Owende, 2dinet al, 2010; Kolleret al,
2012; Figure 1.4).
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Figure 1.4: Schematic representation of a microalgal biorefirsgistem that minimises wastage,
maximises economic yield and reduces the envirommhémpact (adapted and modified from
Singh and Gu, 2010 and Greenvetlial, 2010).
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Williams and Laurens (2010) conducted an economsgessment that showed that
harvesting and extraction processes account foroappately 15% of the operating
budget and 50% of the labour costs indicating thay contribute significantly to the
overall economic sustainability of biodiesel protlue from microalgae (Williams and
Laurens, 2010). These costs may, however, be bggas algal species were able to
naturally secrete lipids into the culture mediunm@® and Gu, 2010). Studies conducted
on yeast cells have shown that the inactivationesfain genes involved in 3-oxidation
and random mutagenesis resulted in the cells pgiagethe ability to secrete lipids
(Nojima et al, 1999; Michinakiet al, 2003). The understanding of lipid secretion
pathways is however still in its infancy. Microalgells may be genetically modified in
attempts to promote lipid secretion when adequateviedge of the routes to lipid
secretion are elucidated. This would drasticakcrdase biodiesel production costs
(Radakovitset al, 2010).

The selection of the ideal microalgal species, dpBmisation of ‘microalgal milking’

(lipid secretion by microalgae cells) as termedSirygh and Gu (2010), the limitation of
the cost of photobioreactors (Picollo, 2010) and Hiorefinery process are the key
factors that need to be solved to realise the eialdmmercialization of biofuel

production from algae. With the current worldwidesearch drives, the successful
establishment of real solutions, to aid in micraalgiodiesel commercialization, should
be obtained in the near future resulting in furtbps towards a viable solution to the

world’s environmental and energy concerns.
1.7 Main objective
To contribute to the knowledge on using microalfyadipid sequestration, to be used as

a feedstock for biodiesel production, as an enwremtally friendly, sustainable

alternative to fossil fuels.
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1.8 Aims

1. To conduct batch culture experiments for the sengeaf a few pre-selected algal
species and the selection of a model organismpteatuces maximal lipid yield,
grows rapidly and flocculates (clumps).

2. To use molecular procedures and transmissionrefeaticroscopy (TEM) for the
identification of the selected species.

3. To determine the optimal (cost-effective) conditiofor cell growth and lipid
production in batch cultures using bubble or gasgpbottles.

4. To determine feasible harvesting strategies fordith@nstream concentrating of the
selected species.

5. To develop a photobioreactor system, for the maksre of the previously selected
species and optimisation of the system to promagimmal cell growth rates and

maximal levels of lipid accumulation.
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CHAPTER TWO

General Methodology
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2.1 Medium preparation

F/2 medium was used in all experimenthis medium is a commonly used, general
enriched seawater medium that was specificallygtesi for the culture of diatoms and
coastal marine algae (Guillard and Ryther, 196Bnr the preparation df2 medium
natural seawater was filtered through bolting clatid filter paper (Whatman No. 1), to
remove any large contaminants, and tlaemoclaved for 30 minutes at 121 °C. The
seawater was cooled and refiltered (using sterileatddan No. 1 filter paper and an
autoclaved funnel) inside a laminar flow bench.e Becond filtration step was conducted
to remove any salt crystal rafts that formed dumodgoclaving which was observed to

promote clumping. The microelements and vitamintsoh (Appendix) were then added.

2.2 Stock culture maintenance

Every fortnight 1 ml of the unialgal cultures wergeptically transferred to a sterile 50 ml
conical flask (autoclaved at 121 °C for 30 minuta®)taining 20 mf/2 medium. These
cultures were incubated at an illumination intgnsif 110 umol photons.if.s* with a

10:14 light-dark cycle and were maintained at Z3°€.

2.3 Batch culture setup (1 L cultures)

Batch culture (1 L) experiments were conducted adifred 1 L Schott Duran® bottles
equipped with rectangular (2.5 cm x 1.5 cm), saodes fish tank, air-spargers. Each
bottle was equipped with a quick fit gas inlet, gabaust and an aeration tube. Plastic
tubing (5 mm diameter) was used to attach the spdogthe outlet end of aeration tube,
and for connecting the inlet side &m air pump (Labotec N 86 KN.18) which was
operated at a pressure of 2.4 bar (Figure 2.1). dileure vessels were cleaned
thoroughly and autoclaved for 30 minutes at 121af@d air was pumped through the
spargers to remove any dirt or debris which mightehcontaminated them prior to use.
All batch (1 L) cultures were conducted at an ilination intensity of 110umol
photons.rf.s'with a 10:14 light-dark cycle and were maintained2@ + 2 °C. The
cultures were aerated with filtered air (Whatmaiflor0.2 um filter), at approximately
29.8 ml/sec, with the aid of an air pump (LaboteB86NKN.18 with pressure of 2.4 bar).

The lighting received by each culture was evenddoguhe random relocation (using a
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number table — Microsoft Excel) of the growth véssm the culture shelf relative to the

unidirectional light source every alternate day.

P Fluorescent
=) Lights

Vo Gas Inlet

Air Filter

Gas Outlet

<—— Air Pump

Stone Sparger

Humidifier

Figure 2.1: Schematic representation of experimental setup.

2.4 Cell concentration measurements using a haemdoyneter

Cell numbers were measured using a Neubauer hatonoeter. A uniform cell
suspension was obtained by mixing the culture wiBasteur pipette (drawing the culture
up and releasing multiple times). Motile cellsrg&gg@nmobilized, prior to counting, by
adding a drop of 1% Lugol's solution (Appendix) Xoml of the culture sample. The
culture was diluted if the number of cells per 1 rerceeded fifty. Cell counts were

conducted in quadruplicate.

2.5 Cell concentration measurements using spectroptometry

A standard curve was constructed to determinencetibers versus optical densityth

the aid of spectrophotometry. Cultures with vagyoell densities were acquired through
dilution. The cellular concentration of each cudtuwas measured using a Neubauer
haemocytometer (Section 2.4). The correspondirsgprélance reading at 650 nm was
determined (S2100 Diode Array Spectrophotometeargéeh count and a standard curve

was constructed (Figure 2.2).
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Figure 2.2: Standard curve depicting concentratiot. gfalbanacells with respect to absorbance

readings at 650 nm. Error bars represent starddasidtion (n = 3).

2.6 Lipid extraction

Aliquots (100 ml) of the algal culture were centgéd, at 6000 rpm for 10 minutes. The
pellet was removed, rinsed with 0.5 M ammonium tiioaate to remove salt crystals
(Zhu and Lee, 1997), placed on a glass sheet,edhtbldry in a dessicator, containing
silica gel crystals, at room temperature for 72reourhe dried algal pellet was weighed
and total lipids were extracted using a modifiedsian of the Bligh and Dyer (1959)
method as follows:

The initial stage of lipid extraction required thddition of chloroform, methanol and
water in a 1:2:0.8 v/v ratio, i.e80 ml water, 100 ml chloroform and 200 ml methgvex

unit gram dried cell mass, which resulted in a npbrasic mixture. Autoclaved glass
beads (0.1 mm diameter, Ingaba Biotech) were atledis mixture and the tube was
vortexed at high speed for five minutes to distingt cells. Chloroform and water were
then added to the previous mixture in a 1:1 ratie 00 ml chloroform and 100 ml
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water per unit gram dried cell mass) to producghbdsic mixture. The resulting mixture
was vortexed for an additional five minutes andhdfarred to micro filters which were
placed in Zymo spin column collection tubes (ZR @alfBacterial DNA Kif™). These
tubes were centrifuged at 1500 rpm for five minuteBhe resulting mixture, in the
collection tube, was thus free of any cellular deltinat may cause an inaccurate lipid
yield result. A small volume (20 pl) of chloroforwas then added to the glass beads in
the filter. The filters in the collection tubes neere-centrifuged at 1500 rpm for five
minutes. This process aided in rinsing out therfl thus ensuring that all the lipids were

successfully transferred into the collection tube.

The chloroform phase was recovered from the raguiphasic mixture in the collection
tube using a sterile Pasteur pipette and placed glean, pre-weighed Eppendorf tube.
The Eppendorf tube, containing the chloroform-lipitract, was transferred to a 50 °C
water bath and the chloroform was evaporated. ré&kaltant residue in the Eppendorf
tube represented the total extracted lipids from dlgal biomass. The Eppendorf tube
was incubated in a dessicator, with silica gel taigs overnight and then weighed to
determine the total lipid dry weight. The quoti@ftthe total lipid dry weight and the
algal biomass dry weight multiplied by 100 was usedalculate the percentage of total
lipid.

2.7 Lipid content measurements using flow cytometry

Nile red stained and unstained cells were useddoh lipid reading. The unstained cells
represented the auto-fluorescence control. A 5@liguot of Nile red in acetone (0.1
mg/ml) was added to 1 ml of algal suspension caoirtgi approximately 10cells/ml.
The suspension was then vortexed and incubatdaeimark for 10 minutes in a 37 °C
water bath. The fluorescence of Nile red is depahdn the polarity of the intracellular
environment. The FL2 and FL3 flow cytometer chasirtetect Nile red fluorescence
which exhibits yellow-gold and red fluorescence whissolved in neutral and polar
lipids respectively (de la Jaed al., 2003; da Silvat al, 2008).
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All the cytometric measurements were done usindpaFBCSCalibuf flow cytometer
(Becton-Dickinson Instruments) equipped with a 488 argon laser. Calibration of the
instrument was conducted, prior to each use, uBIRgCaliBRITE™3 beads for three-
color flow cytometry setup. The following equatiaas used to determine total cellular
lipid fluorescence:

Total cellular lipid fluorescence = (FL2/AF) + (FLLBF)

Where FL2 refers to the mean fluorescence pickebyuine FL2 channel that measures
neutral lipids, FL3 refers to the mean fluorescepiked up by the FL3 channel that
measures polar lipids and AF refers to the autorfiscence control picked up by the
respective channels. Data was expressed in agbfttmrescence units (de la Jatal,
2003; da Silveet al, 2008).

Standard curves were constructed showing the etioelbetween Nile red fluorescence
intensity, using flow cytometry, and microalgaliipcontent, assayed by the method
outlined in Section 2.6. Flow cytometry was thiesoethod used for lipid quantification

after the construction of these standard curves.

2.8 Dry cell weight measurements

An aliquot of the microalgal suspension (100 mlsvezntrifuged at 5000 rpm for ten

minutes. The pellet was rinsed with 0.5 M ammonhicarbonate to remove excess salts
that would result in incorrect elevated dry weightasurements (Zhu and Lee, 1997).
The pellet was then transferred to a pre-weighedsgsheet and allowed to dry in a
dessicator, with silica crystals, at room tempesatar 72 hrs. The dried biomass on the
glass sheet was then weighed and the dry cell weigh calculated by subtracting the
pre-determined weight of the glass sheet from tdoeirmulative weight of the glass sheet
containing the dried biomass.
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2.9 Biomass productivity measurements
The following equation was used to determine bi@mpoductivity over a specific

duration:

Pgiomass(g/L/day) = _DCWiar (9/L) — DCV¥ng (a/L)
mi (days)

Where DCWrefers to the dry cell weight at the beginningha time interval, DC\\q
refers to the dry cell weight at the end of theetimterval and time refers to the algal
cultivation period (from start to end; Rodo#t al, 2009). The dry cell weight was

determined as described in Section 2.8.

2.10 Lipid productivity measurements
The following equation was used to calculate lipidductivity:

PLipia (g/L/day) = Gipig_(a/g)x DCW (g/L)
Time (dpys

Where Riyq refers to the lipid productivity, DCW refers toethry cell weight, Gpid
refers to the lipid content of the cells and tiragers to the algal cultivation period (&t
al., 2008b; Widjaja, 2009). The lipid yield was dh&d as described in Section 2.7 and
dry cell weight was obtained as depicted in Seti®n

2.11 Growth rate, divisions per day and generatiotime determinations

Cell concentration measurements were obtained &sation 2.4 and Section 2.5 above.
The following equation was used to determine granath (1) (Barsanti and Gualtieri,
2006):

Growth rate (1) =_InN/InN; ; &>1t;
2t
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Where Nand N refer to the concentration of cells at time tw) &#nd time one {}

respectively.

Divisions per day (Div.day) was calculated with the aid of the following etiom
(Barsanti and Gualtieri, 2006):

Div.day’ = p/In2

Generation/doubling time ¢fwas calculated with the aid of the following etioia
(Barsanti and Gualtieri, 2006):

Ty = 1/Div.day"
2.12 Morphological analysis

2.12.1 Specimen embedding and sectioning

Algal cells were fixed for one hour in 2.5% glutdehyde in 0.1 M sodium cacodylate
buffer in 0.5 M sucrose. Centrifugation followed3900 rpm for ten minutes and the
supernatant was decanted. The pellet was theallgerinsed with 0.1 M sodium
cacodylate buffer in a decreasing gradient of semncentration (0.5 M, 0.4 M, 0.2 M
and 0.1 M) for 15 minutes each. The cells werd-fiwsd for an hour in 2% osmium
tetroxide in 0.1 M sodium cacodylate buffer withsutrose and then washed three times
in the same buffer prior to dehydration. The matewas dehydrated by passing it
through a graded ethanol series (10%, 20%, 50%, 80% and a duplicate 100%) for
fifteen minutes each. The dehydrated cells weitrated with 3:1, 1:1 and 1:3 mixtures
of 100% ethanol and Spurr's Resin (Spurr, 1969)téeenty minutes each and then
embedded in 100% Spurr’s Resiccording to the protocol outlined in Syhal (2011).

The embedded samples were polymerized at 70 °Gsfbours.

Sections were cut using a diamond knife on a Reiahi&amicrotome and stretched

using Xylol fumes. The sections were then pickpadn a 300 mesh copper grid, stained
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with 2% aqueous uranyl acetate and counterstainddReynolds’ lead citrate (1963) for
fifteen minutes each and finally rinsed with distil water. The sections were examined
using a transmission electron microscope (FEI, Té2nai G2 Spirit — Manufacturer:
FEI Company, Eindhoven, Netherlands) at an acdeigraoltage of 120 kV.

2.12.2 Whole mounts of algal cells

A drop (4 pl) of a healthy algal culture was placeda formvar (0.5% w/v formvar in
chloroform) coated 300 mesh copper grid. The oe#ise fixed via. the addition of a
drop of 2% glutaraldehyde to the cells on the griiter five minutes the liquid was
removed with filter paper, without touching thedyriThe grids were then rinsed with a
drop of distilled water to remove salt crystals dhen stained with 2% aqueous uranyl
acetate and re-rinsed. The cells were shadowétgelt/palladium and examined using
a transmission electron microscope (FEI, T12 Ted®2i Spirit — Manufacturer: FEI

Company, Eindhoven, Netherlands) at an accelerabitgge of 120 kV.

2.13 Culture medium composition measurements

2.13.1 Nitrate measurements

The Cataldo method (Catal@b al, 1975) was used to determine the amount of nitrate i
the culture medium. The microalgal culture wastrcieiged at 3000 rpm for 10 minutes
to remove the cells from suspension. A 50 pl aligob the supernatant was then
transferred to a thoroughly cleaned glass vial. 0 20 5% (w/v) salicylic (2-
hydroxybenzoic) acid in pure sulphuric acid waseatitb the vial and the liquid was
agitated briefly (shaken by hand) to ensure seéfficimixing of the contents. A ten
minute incubation period, at room temperatureofedd. 2 ml, 4 M sodium hydroxide
was then added to the solution and the mixture agasn shaken and left to incubate, at
room temperature, for 20 minutes. The absorbarae tiven read at 410 nm (S2100
Diode Array Spectrophotometer). The absorbancdimga obtained were back-plotted
on a previously constructed nitrate standard cuffvggure 2.3) to determine the
concentration of nitrate in solution.
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Figure 2.3: Standard curve depicting nitrate concentration wégpect to absorbance readings at

410 nm. Error bars represent standard deviatien3)n

2.13.2 Ammonium measurements

The Indophenol Blue method (Scheiner, 1976) was tiseletermine the concentration

of ammonium-N in the culture medium. This methedjuired the preparation of a

phenol-nitroprusside-buffer reagent and alkalingpdohlorite reagent. The phenol-

nitroprusside-buffer reagent consists of 60 g phema 0.2 g sodium nitroprusside

dissolved in 1 L of a buffer solution (30 g sodigmosphate tribasic and 30 g sodium
citrate tribasic in 1 L distilled water). The dik& hypochlorite reagent was prepared by
adding 30 ml commercial bleach (3.5% available th&) to 400 ml 1 N NaOH and the

solution was diluted to 1 L.

The algal culture was centrifuged at 3000 rpm amdleuot of the supernatant (100 pul)
was diluted to 2500 pl with distilled water. A 1 aliquot of the phenol-nitroprusside-
buffer reagent was added to the diluted supernatahthe resultant solution was mixed.
A 1.5 ml aliquot of the hypochlorite reagent wasrtladded to the solution and the test
tube was mixed well by inversion. Incubation feled, at room temperature, for 45

minutes.  Absorbance readings were taken at 635 (82100 Diode Array
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Spectrophotometer) against a reagent blank thatama®d out throughout the procedure
with fresh seawater. The absorbance readings uss@ to determine the concentration
of ammonium-N in the medium with the aid of a poesly constructed standard curve,

using known concentrations of ammonium chloride atandard (Figure 2.4).
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Figure 2.4: Standard curve depicting ammonium concentratiorh wéspect to absorbance

readings at 635 nm. Error bars represent starddasidtion (n = 3).

2.13.3 Phosphorous measurements

A method after Cheet al (1956) was used to determine the levels of selubactive
phosphorus (SRP) in the culture medium. This ntetleguired the preparation of fresh
reagent C, which consists of 2 volumes distilledenal volume 6 N sulphuric acid, 1
volume 2.5% ammonium molybdate and 1 volume 10%rasr acid, prior to each

assay.

An aliquot of the microalgal culture was centrifdgg 3000 rpm for ten minutes. 1 ml of
the supernatant and 1 ml reagent C was added tmlapfastic Eppendorf tube and the
Eppendorf tube was inverted several times to mexdblution. A blank was also made
by using 1 ml fresh seawater, as opposed to thiareuinedium, in the step above. The
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samples were then incubated at 37 for 90 minutes so that color development
proceeded. After incubation absorbance readings taken at 820 nm using a S2100
Diode Array Spectrophotometer (Biowave — Laboted@he resulting absorbance was
used to determine the phosphorous content fronedqarsly constructed standard curve,
using known concentrations of sodium dihydrogehaphosphate as a standard (Figure
2.5).
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Figure 2.5: Standard curve depicting phosphorous concentratiibin respect to absorbance
readings at 820 nm. Error bars represent startiavidtion (n = 3).

2.14 Intracellular composition measurements

2.14.1 Carbohydrate content determination

Carbohydrates were extracted from the microalghé csing a variation of the method
adapted from Myklestad and Haug (1972). An aligabtthe culture (10 ml) was
centrifuged at 5000 rpm for ten minutes. The sogi@nt was discarded and the pellet

rinsed with 10 ml 0.5 M ammonium bicarbonate, tmoge any salt residue (Zhu and
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Lee, 1997). Re-centrifugation followed at 5000 rfunm 10 minutes and the supernatant
was decanted. The algal pellet was then evapotatédg/ness in an oven set at 50-55 °C.
Total carbohydrate was extracted by adding 80%hswip acid to the dried sample. This
suspension was vortexed and incubated at 20 °20fbours.

The carbohydrate extract was then tested to dateritiie total carbohydrate content
using the phenol-sulphuric acid method derived bpdset al (1956). After incubation,
the suspension was again vortexed thoroughly ab@Oaul aliquot was transferred to a
well cleaned (washed and rinsed with distilled watnd dried test tube. A 500 ul
aliquot of 4% phenol and 2.5 ml 96% sulphuric ases added to the test tube and the
resulting suspension was incubated at room temper&tr 45 minutes. The absorbance
of the solution was then read at 490 nm using @&Xliode Array Spectrophotometer
(Biowave — Labotec). This absorbance value wasl isedetermine the carbohydrate
content from a previously constructed standardesurging glucose as a standard (Figure
2.6).
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Figure 2.6: Standard curve depicting glucose concentratidh wmispect to absorbance readings
at 490 nm. Error bars represent standard devi@tien3).
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2.14.2 Colorimetric determination of intracellular nitrogen

Digestion of the microalgal cells was conductedngsa variation of the method
described by Lindner and Harley (1942). A 10 m{wdt of the algal culture was
centrifuged at 5000 rpm for 10 minutes. The cellgt was rinsed with 10 ml 0.5 M
ammonium bicarbonate and re-centrifuged. The peftes then dehydrated in an oven at
a temperature of between 50 to 55 °C. The drildtpeas weighed and transferred to a
digestion tube. A 2 ml aliquot of 96% sulphuriccawias added to the digestion tube and
the suspension was heated on a heating block (B8&3B COD REACTOR - 2008
Hanna instruments) that was maintained at 105Pe heating process was carried out
in a fume hood until the dried cell pellet was f@dist disintegrated and dissolved (no cell
clumps were observed). The solution was then dowlean ice bath and 0.5 ml 30%
hydrogen peroxide was added to the digestion tubée resulting solution, in the
digestion tube, was transferred to the 105 °C hgditlock in the fume hood and was
allowed to boil until it turned clear. The tubentaining the digested cell solution was
then allowed to cool in an ice bath and the satutias made up to 10 ml with distilled

water.

A method developed by Dorich and Nelson (1983) waélsed for the nitrogen

colorimetric assay. Reagents one and two were mpd# least 24 hours prior to use.
For reagent one, 17 g sodium salicylate, 12.5 gusoditrate and 12.5 g sodium tartrate
was dissolved in approximately 375 ml de-ionizedewna Thereafter, 0.06 g sodium
nitroprusside was added to the mixture. The smiutvas then made up to 500 ml with
de-ionized water. For solution two, 15 g sodiumdroxide was dissolved in

approximately 375 ml de-ionized water in a voluneefiask and was allowed to cool in
an ice bath. A 5 ml aliquot of sodium hypochlontas then added to the liquid in the

volumetric flask and the solution was made up t@ &0 with de-ionized water.

A 20 pl aliquot of the digested cell solution, @ibed using the procedure outlined
above, was transferred to a sterilized (autocldee80 minutes at 121 °C) and well dried
test tube. Reagent one (1 ml) was added to theules and the resulting solution was

mixed well and left to incubate at room temperaforel5 minutes. Reagent two (1 ml)
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was then added to the test tube, the contents mvised well and allowed to incubate at
room temperature for an hour to ensure full colevedlopment. Absorbance readings
were then taken at 660 nm using a S2100 Diode ASpgctrophotometer (Biowave —
Labotec). The absorbance readings were used &nuee the intracellular nitrogen

content using a standard curve that was construgsgty ammonium sulphate as a
standard (Figure 2.7).
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Figure 2.7: Standard curve depicting nitrogen concentratidh vespect to absorbance readings

at 660 nm. Error bars represent standard devi@tien3).

2.14.3 Colorimetric determination of intracellular phosphorous

A similar procedure, as depicted in Section 2.14vas used for the digestion of

microalgal cells for the phosphorous assay. Thglsivariation was the volume of the

digestion mixture (sulphuric acid and hydrogen get® mix). Where 2.5 ml was used

for the nitrogen digestion procedure only 0.3 mkwesed for this method. A 0.2 ml

aliquot of 96% sulphuric acid was added to the dedted algal pellet and heated as
stated in Section 2.14.2. Thereafter, 0.1 ml hgdrnoperoxide was added to the solution

in the digestion tube and reheated until the susperturned clear. The resulting cell
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digest solution was then made up to 10 ml withiltgstwater as in the previous nitrogen

digestion process (Section 2.14.2).

A method developed by Dorich and Nelson (1983) alas utilised for the phosphorous
colorimetric assay. This method required the ukemolybdate reagent. For the
preparation of molybdate reagent 4.3 g ammoniunylaiate and 0.4 g antimony sodium
tartrate were dissolved in 400 ml distilled watéy.54 ml aliquot of 96% sulphuric acid
was then carefully added to the above solutione fidsulting mixture was allowed to

cool in an ice bath and thereafter made up to X30Rith distilled water.

A 0.5 ml aliquot of the cell digest, obtained usithg protocol outlined above, was
transferred to a sterilized (autoclaved for 30 rtesuat 121 °C) and well dried test tube.
2 ml 1% ascorbic acid and 1.5 ml molybdate reagexst added to the test tube and the
contents were mixed well using a vortex. An indidraperiod followed for an hour at
room temperature for full color development. Altsorces of the resulting solution were
then read at 820 nm using a S2100 Diode Array &galubtometer (Biowave — Labotec).
The phosphorous content was determined with thefaide absorbance readings and a
previously constructed standard curve using patasslihydrogen orthophosphate as a
standard (Figure 2.8).
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Figure 2.8: Standard curve depicting phosphorous concentratiibin respect to absorbance
readings at 820 nm. Error bars represent startiavidtion (n = 3).

2.15 Determination of chlorophyll content and cara¢noid to chlorophyll ratio

An adaptation of the method described by Hansmd®73) was used for pigment
extraction. The microalgal culture (10 ml) wastcéuged at 5000 rpm for five minutes
and the supernatant was decanted and replaced5with 100% acetone. The small
aliquot (approximately 0.5 ml) of culture mediumathremains in the centrifuge tube,
after decanting, results in a cell suspension ajproximately 90% (v/v) acetone. The
suspension was mixed vigorously (by shaking therifege tube) for two minutes to

resuspend the pellet and thereafter vortexed,qe &}l the cells, for ten minutes. The
suspension, now consisting of white cell debris &nel pigments in solution, was
incubated at 4°C, in the dark, for 24 hours. After incubation thespension was

centrifuged at 5000 rpm for 10 minutes. 1 ml & supernatant was acidified with 20 pl
1 N HCI (producing a molarity of 0.02 N) mixed (lsjpaking) and left to incubate at
room temperature for 90 seconds. The optical tielfithe unacidified and acidified

supernatant was then read at 663 nm and 750nm.oftieal density of the unacidified

sample was further read at 650 nm and 480nm. dl@ning equations were used to
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determine the chlorophyll concentrations (Golterm&869) and the carotenoid to
chlorophyll ratio (Heatlet al, 1990):

YEssaiem) = “Esss_-  “Ezso
Lightpath (cm)

"Ese3(1cm) = “Esez_- "Ezso
Lightpath (cm)

Where YEss3(1cm and*Essaem) refer to the unacidified and acidified turbiditgreected
extinctions respectively."Egss "E7s0, “Egs3 and “Ezso refer to the optical density at the
specified absorbance indicated in the subscrighefunacidified and acidified samples
(as indicated by U and A in the superscript, regpely). Lightpath refers to the width
of the quartz cuvette in cms.

Echiciem) = 2.43UEse3(1cm) - “Es63(1cm)

Where Eniicm) refers to the extinction due to chlorophyll.

Peni (MO/L) = Ehiaem) X (1000/Ken) X (vol. extract(ml)/vol. culture(L))

Where R, refers to the quantity of chlorophyll measureduigiL. K., refers to the
extinction coefficient for chlorophyll which is 89pl. extract refers to the volume of
acetone used to extract the pigments and vol. reutefers to the volume of the culture
centrifuged initially.

C&I’/Cha = OD480/ ODsgs

WhereCar/Ch, refers to the carotenoid to chlorophyll a ratio &1 refers to the optical
density reading at the specified absorbance ingficiat the subscript.

40



Quartz cuvettes with a path length of 1 cm wereluseobtain all the OD readings and if
the readings exceeded 0.8 units the sample wadgedlilwith acetone. The

spectrophotometer was blanked with 90% acetone.

2.16 Light intensity measurements
A light meter (LI-250A Light meter — LI-COR® Biosmmces) was used to determine the
light intensity. Approximately ten readings weglkén at various points around the

bioreactor and the final light intensity was thei@age of these readings.

2.17 Statistical analysis

The software SPSS 20 (Statistical Program for $&uaences 20) was used to perform
statistical analyses. Differences amongst theouaritreatments were evaluated using
one-way analysis of variance (ANOVA). Tukey’'s nple comparison, post-hoc tests

were conducted to compare the different meaneiNIROVA effects were significanty(

= 0.05).
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CHAPTER THREE

Screening & Selection of a Marine Microalgal Specito be used as a Model

Organism for Biodiesel Production
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3.1 INTRODUCTION

Globally, more than 100 000 microalgal species Haaen characterized and identified
(Um and Kim, 2009). This vast resource makes #hection of a microalgal species for
biodiesel production rather complicated (Griffitasd Harrison, 2009). At present the
search for the optimal species for biodiesel prtdacis keenly contested. Such a
species should produce vast amounts of lipid andeliswiftly (Um and Kim, 2009). A

species that easily can be harvested is an oftedemked characteristic that is of great
significance when selecting a species for biodipsadluction. Ease of harvesting would
greatly reduce operating costs which would provédobeneficial in the downstream

processing of the algae (Borowitzka, 1999; Griffilnd Harrison, 2009).

Numerous studies have shown that lipid yield andmiaiss productivity work
antagonistically (Liet al, 2008a; Rodolfiet al, 2009; Um and Kim, 2009). Lipid
accumulates in response to nutrient stress andlisggion occurs rapidly when nutrient
levels are optimal. The fact that lipid productitakes place mainly in the non-dividing
stationary phase poses a problem for the cultuoegss for biodiesel production. A
beneficial parameter used to select a speciepitsproductivity. Lipid productivity is a
function of both lipid yield and biomass produdiyv{Griffiths and Harrison, 2009). A
microalgal species with an elevated lipid produttiwas thus selected in this study as

the model organism for biodiesel production.

In this study prymnesiophytes were chosen to beesed due to their ability to produce
triacylglycerides as a storage lipid upon expodorestressful conditions (Matsumoto,
2010). Furthermore, prymnesiophytes are marine raadne rather than freshwater
microalgae were targeted for screening due tolbedant availability of sea water and a

decrease in the likelihood of contamination whemimeasystems are used.
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3.2 MATERIALS & METHODS

3.2.1 Algal selection

Three marine microalgal species, namdbochrysis sp., Pleurochrysis sp. and
Platychrysissp. were selected for the screening process. [Jémes selected are golden
brown algae that are members of the Prymnesialesaftet al, 2009). The algal
cultures were obtained from the algae collectiorthe School of Animal, Plant and
Environmental Sciences at the University of thewsliersrand (South Africa). Selection
of these algal species for screening was basetieoaliility of these species to produce
large amounts of lipids. This was clearly evideéné to numerous lipid bodies visible in
all three of the algal species when they were vikug&ng a Zeiss Axiophot microscope

at 400 times magnification with Nomarski optics.

Each of the above-mentioned algal species werateblas single cells to obtain
unialgal/mono-species cultures. These cultures weaaintained irf/2 medium for the
duration of the experiment (Guillard and Ryther629Appendix). F/2 medium was
prepared as outlined in Section 2.1 and all algati®es were sub-cultured every forth-

night to ensure that a healthy inoculum was avhlalhen required (Section 2.2).

3.2.2 Experimental setup

Experiments were conducted in 1 L modified Schoti®tles (Section 2.3). 800 ml
sterilef/2 medium was inoculated with approximately 3%t8lls/ml, healthy (seven day
old) microalgal cells I6ochrysissp., Pleurochrysissp. andPlatychrysissp.). These
cultures were subjected to a constant illuminatifn 110 photongimol.m?s* at
approximately 25 °C and were aerated with filteagd(Whatman uniflo 0.2 um filter).
Cultures used for the construction of the growthves were monitored every alternate

day for a period of 20 days. All cultures were nuriplicate.
3.2.3 Analytical methods

The cell concentration and lipid content were dateed as outlined in Sections 2.5 and

2.7, respectively. The lipid productivity and ratkegrowth were measured at various
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time intervals (Section 2.10 and 2.11 respectiveGglls were viewed using a Zeiss
Axiophot microscope at 400 times magnification wiNbmarski optics to observe Nile
red stained lipid bodies and cell clumps. The rhodganism was selected based on the

growth rate, lipid yield, lipid productivity and giby to flocculate.

3.3 RESULTS & DISCUSSION

Distinct membrane-enclosed putative lipid stordyelies/droplets were observed in
Isochrysissp., Pleurochrysissp. andPlatychrysissp. These droplets were hypothesized
to be lipid in nature. To verify this, cells westined with Nile red and observed using
different wavelengths of light. Nile red is a siee fluorescent dye that was initially
derived from Nile blue upon boiling in sulphuricicaic Studies conducted by Greenspan,
Mayer and Fowler (1985) demonstrated the supegtura of Nile red in the detection of
intracellular lipid droplets. They further des@ibthe dye as being an ideal lysochrome
thus implying that the dye is strongly colored,htygsoluble in the substance that it is

intended to show by staining (lipids) and doesdissgolve this substance.

Upon excitation at 450-500 nm Nile red staineddlipi the cells exhibit yellow-gold/red
fluorescence (Greenspanhal, 1985). This characteristic is clearly evidenEigure 3.1.
Similar fluorescence patterns were observed whatyzang all screened isolates. This
implied that the intracellular droplets observed raveindeed lipid in nature.
Furthermore it may be deduced that the lipid ditsplonsist of neutral lipids since
neutral lipids (storage lipids) exhibit a yellowldofluorescence whilst polar lipids

(membrane lipids) exhibit red fluorescence (Greansgpal, 1985).
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Figure 3.1 (A): Nile red stainedlatychrysissp. cells viewed under a light microscope é8)d

when the same cells were exposed to a differeneleagth of light (450-500 nm).

A method to quantify lipid in the cells was necegga accurately select the ideal species
to be used in the subsequent experiments. A flgtoneetric method of lipid
quantification was selected. The method was addpben da Silveet al (2008) where
the relationship between lipid content and Nile mubrescence was analysed in
Scenedesmus obliqguasid Neochloris oleoabundansThis method is advantageous in
that it allows for the rapidn situ, accurate, routine determination of lipid contenthe
cells. Standard curves were successfully consmuéor all species screened?(R
0.9978; 0.9503 and 0.9530 ftsochrysissp., Pleurochrysissp. andPlatychrysissp.
respectively) and the flow cytometric method wasdeforth used for all lipid

measurements.

Platychrysissp was disregarded in the next step of the screepingess due to its
tendency to adhere to the surface of culture vessmerved when the cells were grown
for the construction of lipid standard curves. Téitherence tendency is disadvantageous
in large scale bioreactors because they constextlyd need to be cleaned. In addition,
it also results in much of the biomass, which isstrgyobably lipid rich, being lost since
stressed cells are benthic. Such cells could fiatgnbe suspended by decreasing the
pH, but they would need to be re-flocculated afsgds (for lipid extraction) and both
these steps would incur significant cost implicasiobecause of all the chemicals

required. The cells that adhere to the cultureselgsalso reduce light penetration,
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resulting in energy losses. Hence, the speciestdigasunted at the outset as a potential
organism for biodiesel production and was not pealsiurther. Hence, onlisochrysis

sp. andPleurochrysissp. growth curves were constructed.

As evident in thdsochrysissp. growth curve (Figure 3.2) the lipid yield wadsaa initial
elevated level after which it decreased and benewhat constant. It then increased
again as the culture entered the stationary phasellggrowth. The initial elevated lipid
yield may be due to the lipid present in the ceflshe inoculum, which was 7 days old,
and could have been nutrient-limited. As cell nerslincreased the lipid yield decreased
and became constant, as long as adequate nuuigplyslight and carbon dioxide levels
were available. However, during the stationarysehan increase in lipid production was
observed. This may be in response to the depletiorutrients or the reduction in the
light received by individual algal cells due to lesll shading when cultures become
very dense. Algal cells produce lipid as an ensmyrce to be used when normal growth
conditions return (Rodol&t al, 2009).

Cell concentrations decreased considerably afted@8gFigure 3.2). This was as a result
of the clumping of algal cells at the base of thkure vessel. Actual algae rafts formed
which ranged from 1 to 3 cm. The cells that wesanted were those that remained
immersed in the culture medium. Hence, these soamrely indicate a decrease in
single, free cells in culture and an increase ga@lfloccules. These algae floccules
would be desirable in a bioreactor setup sinceoiild aid in the settling and harvesting
of the cellular material. Furthermore, this flolation process was only evident during
the lipid-rich, stationary phase i.e. the optimatant for culture harvesting. Unlike in

Platychrysissp., the cells did not stick to the culture vegealy to each other), which is

also desirable since it does not impede light patieg through the culture vessel and to

the cells.
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Figure 3.2: Isochrysissp. growth curve showing the cellular concentratimd lipid content

observed over 18 days. Error bars represent sthdgaiation (n=3).

Multiple, distinct lipid bodies were evident in Staary-phaselsochrysis sp. cells

(Figure 3.3 A) which corroborates the lipid datdrigure 3.2. These lipid bodies were as

large as 1 um in diameter (1/8he size of the actual algal celllsochrysissp.cells are

relatively small (5 um), in comparison to some othmcroalgal species, which would

pose a disadvantage in terms of harvesting sined sells escape through filter pores.

However, when the cells clump (Figure 3.3 B) tlssttling properties improve, due to

the larger size and mass density of the clumps;iwikia desirable property.
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A

Figure 3.3 (A): Light micrographs of a singlsochrysissp cell containing multiple lipid bodies

(arrows indicate lipid bodies) ariB): algal floccules (observed on day 18).

Pleurochrysissp. cultures demonstrated a more gradual exponerftegegin comparison
to Isochrysissp. (cf. Figures 3.2 and 3.4). Both the cellulad &pid yield were much
lower than that observed isochrysissp. (cf. Figures 3.2 and 3.4). Again, a gradual
increase in lipid production was only observed mgithe stationary phase when nutrients

and light were possibly limiting (Figure 3.4).

The photomicrographs défleurochrysissp. show numerous minute lipid bodies, relative
to the size of the cell, being produced on day Hi§ure 3.5). These lipid bodies are
smaller and more frequent when compared to thoserebd insochrysissp. (cf. Figures
3.3 and 3.5).Pleurochrysissp cells are much larger in size than celldsafchrysissp.
(Pleurochrysissp. cell sizes are approximately 20 pm in lengtd 46 pm wide and
Isochrysissp. cells are approximately 5 pum in length and 4 peheli This characteristic
would makePleurochrysissp. more suitable for biodiesel production, since éargells
are desirable in the final stage of settling antv/ésting. The numerous advantages of

usinglsochrysissp. however outweighs the properties associatddRigurochrysissp.
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Figure 3.4: Pleurochrysissp. growth curve showing the cellular concentratiad lipid content
observed over 18 days. Error bars represent sthadgaiation (n=3).
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Figure 3.5 (A-B} Light micrographs of singlBleurochrysissp cells containing multiple small
lipid bodies (lipid bodies indicated by arrovediserved on day 18).

A rapidly dividing and elevated lipid-bearing miatgal species is required for biodiesel

production. Furthermore, a species that has aatelé lipid productivity is also sought.
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Isochrysissp. has a much higher growth rate, maximal lipeldyiand lipid productivity

thanPleurochrysissp. (Table 2.1).

Table 2. Comparison oflsochrysis sp. and Pleurochrysissp. growth and lipid

parameters.
Species Growth Rate Divisions per  Generation Maximal Lipid
(cells/ul/day) day (div/day) time (days) Lipid Yield Productivity
(% wiw) (mg/L/d)
I sochrysis sp. 0.332 0.479 2.088 ~ 45 ~ 29
Pleurochrysissp.  0.220 0.317 3.155 ~ 24 ~ 15

Hence, because of its clumping propensity, highdligield per cell and elevated
volumetric lipid productivity,Isochrysissp. was selected as the model organism to be

used in all subsequent lipid production experiments

3.4 CONCLUSION

Isochrysissp. was selected as the model organism. Selestisrbased on the elevated
lipid yield, growth rate and lipid productivity inpomparison tdPleurochrysissp. The
ability of the Isochrysissp. to form floccules is also advantageous in thatould
decrease harvesting costs when used in industrg Sthdy also confirmed that cell
division was limited by nutrient and/or light supgnd lipid accumulation was initiated

upon approaching the stationary phase.
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CHAPTER FOUR

Morphological & Molecular Identification of the Mod el Organism
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4.1 INTRODUCTION

Light microscopy observations have been routinegdufor the identification of algal
species. However this method of microalgal iderd@tfon may be inaccurate, unreliable
and confusing since a very limited range of morpbwlal attributes can be observed at
this level of magnification.This makes any comparison between the unknown mgan
and other similar known species difficult (Noza&tial, 1997). Hence, focus has been
directed on using molecular methods and morphadbgibservations at the electron

microscope level of magnification for establishalgal species identification.

Morphological methods of microalgal identificati@ame based on a comparison of the
intracellular and extracellular features of the nmétga of interest with other known
species. Some external features of relevancedadiie presence of a haptonema, the
length, number and the covering of the flagella toedtype, size and orientation of scales
if present. Intracellular features of interest wigentifying species are mainly related to
the internal composition, organization and struetof the organelles (Barsanti and
Gualtieri, 2006).

The molecular identification of any species is blasa the rationale that there is a
correlation between similarities in the DNA struetuand the interrelatedness of
organisms. This method forms an alternative tontifleation based on visual

observations since the genes encoding these olises/enay be identified and the extent
of homology between these genes and that of othewik species can be easily
compared with the aid of the various phylogenetmgpms that are currently available
(Barsanti and Gualtieri, 2006).

Microalgae have been categorized into phyla priparith respect to their basic cellular
structure, pigmentation and life cycles (Khatnal, 2009). Nearly all members of the
phylum Haptophyceae possess an appendage, locatwdenm two flagella, called the
haptonema (Dodge, 1973). This appendage is ulidgtally unlike the flagella in

terms of the number and arrangement of the micudésh(Barsanti and Gualtieri, 2006).
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The function of this organelle is at present uraarhowever it may aid in attachment
and capturing of microbes in heterotrophic haptoghy Many members of this phylum
are covered with organic (cellulosic) or calcifiechles (Dodge, 1973). Haptophytes may
be unicellular, coccoid, motile and may even forotonies (Green and Leadbeater,
1994). A distinguishing intracellular charactadsof this phylum is the continuous
endoplasmic reticulum encapsulating the chloropdest nucleus (South and Whittick,
1987; Barsanti and Gualtieri, 2006).

The haptophyte algae are generally considered sasgée class, the Prymnesiophyceae
Hibberd (= Haptophyceae) (Jordan and Green, 1984aifdseret al, 2000). The class
may be further divided into four orders, namely @&colithales, consisting of majority
of the coccolithophorids which bear calcified sealeoccoliths), the Isochrysidales,
which possess a rudimentary haptonema or are ctehplievoid of the appendage, the
Pavlovales, that possess haptonemas and stignyatsp@s), and the Prymnesiales, that
usually possess well-developed haptonemas (Tor883, Edvardsemet al, 2000). The
primary use of light microscopy, for the identifiicen of haptophyte algae beyond the
genus level, is often insufficient since these mseare generally very small and are
commonly distinguished based on scale morphologgtwtrequire high magnifications
(Tomas, 1997).

Both morphological (light and electron microscomnd molecular characters were
analyzed to ensure the unambiguous identificatibthe model organism used in the
study.

4.2 MATERIALS & METHODS

4.2.1 Morphological identification of model organisn

A healthy, exponential phase culture of the modghonism was embedded in resin and
sectioned (see Section 2.12.1). The sections weme viewed using a transmission
electron microscope (FEI Spirit), at an accelematioltage of 120 kV, to observe the

morphological characteristics of the microalgalcsge A whole mount of exponential
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phase cells was also prepared (Section 2.12.2)igintdmicroscopy images taken (Zeiss
Axiophot microscope at 400 times magnification wiNbmarski optics) to observe the

structure of the flagella.

4.2.2 Molecular identification of model organism

4.2.2.1 Algal genomic DNA extraction

The algal genomic DNA was isolated from a seven aldymonoculture of the model
organism using the cetyltrimethylammonium brom{@& AB) genomic DNA isolation

method adapted from Murray and Thompson (1980; Agpe.

4.2.2.2 PCR amplification of the 18S rDNA region usg universal primers

The small subunit nuclear ribosomal encoding regias amplified using two universal
eukaryotic oligonucleotide primers (Table 4.1) $&gsized by Ingaba Biotechnical
Industries (PTY) Ltd.

Table 4.1: The oligonucleotide primers used for the ampificn of the SSU nuclear

ribosomal encoding region (18S rRNA)

Oligo Primer name Sequence H(°C)
1F forward prime 5'-AACCTGGTTGATCCTGCCAGT-3’ 62.51
1528R reverse primer 5-TTGATCCTTCTGCAGGTTCACCTAC -3' 64.58

The following constituents were added to PCR tuvgkitehead Scientific 0.2 ml thin
wall PCR® tube with domedap) for the amplification of the sequence of ieser

25 pl 2X PCR Master Mix (Fermentas), 1 ul of eadmpr (sense and anti-sense) (Table
4.1), varying volumes (1, 2 & 4 ul) of the DNA telate, obtained as stated in Section
4.2.2.1, and nuclease free water to make up tlatioeazolume to 50 pl. A control tube
containing all the ingredients above with the exicepof the DNA template was also
included. These tubes were vortexed briefly to rthe suspension and thereafter

centrifuged at 10000 rpm for 1 minute to settledbetents.
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DNA was amplified in a Gene Amp® PCR express 27bB8rmocycler (Applied
Biosystems). The cyclic conditions were as follo&sminutes at 94 °C, 35 cycles of
denaturation at 94 °C for 1 minute, rennealingCa®G for 1 minute and extension at 72
°C for 2.5 minutes, followed by 10 minute incubatat 72 °C (Seoaret al, 2009).

4.2.2.3 Agarose gel electrophoresis of algal PCRqaucts

A DNA ladder (5 pl 100 bp plus) was loaded in tinstfwell followed by 5 ul of the PCR
products, which were mixed with 1.5 pl 6X Orangeadimg Dye Solution, in the
subsequent wells of a 1% agarose gel (AppendiBlectrophoresis of these mixtures
followed at 80 V in electrophoresis buffer (Appex)di The gel was than viewed with an
ultraviolet trans-illuminator (BioRad Gel Doc Systeand pictures were taken. Upon
clear visualization of the PCR product on the géer electrophoresis, the sample was
sent to the Central DNA Sequencing Facility in theiversity of Stellenbosch (South
Africa), for sequencing. The resulting sequence basn deposited in GenBank
(Accession number: JX868515).

4.2.2.4 Phylogenetic analysis

The sequence obtained from Stellenbosch was Igitiadited using Chromas
(Bioinformatics Computer Laboratory, University thfe Witwatersrand) and sequences
that closely resembled the isolates sequence wegeirad using BLAST. These
sequences (Table 4.2) were used as referencesatdigs the consensus sequences for

the isolate sequence obtained.

Table 4.2: A list of the species and corresponding GenBanlkssion numbers for the
SSU nuclear ribosomal encoding sequences usedeirplijlogenetic analyses. The

sequence in bold is from this study.

Algal Species GenBank
Accession
Number
Calcidiscus leptoporu@Murray and Blackman) Leblich and Tappan AJ544116
Calcidiscus quadriperforatu@amptner) Quinn and Geisen AJ544115
Calyptrosphaerap. AB183608
Coccolithus pelagicuéwallich) Schiller AJ246261
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Cruciplaccolithus neoheli@Vcintyre and Bé) Reinhardt AJ246262

Emiliania huxleyi(Lohmann) Hay and Mohler M87327
Emiliania huxleyi(Lohmann) Hay and Mohler L04957
Gephyrocapsa oceanidéamptner AJ246276
Helladosphaerasp. AB183607
Isochrysis galban®arke emend. Green and Pienaar (Strain UIO 10R)246266
Isochrysissp. CCAP 927/14 DQO079859
Isochrysis galbanatrain DB GQ118682
Isochrysissp. zhangjiangensi DQ075203
Isochrysissp. 3011 DQO071572
Isochrysissp. 0318 EU924188
Isochrysissp. 8701 DQO071573
Isochrysis sp. strain U4 JX8685151.1
Pavlova gyran®8utecher emend. Green and Manton u40922
Pleurochrysis carteraéBraarud and Fagerland) Christensen AJ246263
Pleurochrysis elongatéDroop) Jordans AJ246264
Pleurochrysissp. AJ246265
Reticulosphaera socialis X90992
Umbilicosphaera foliosgKamptner) Geisen AJ544119
Coccoid haptophyte u40924

The program MEGAS5 v5.05 (Tamuret al, 2011) was used for multiple sequence
alignment using Clustal W. A heuristic search pthoe was used with 1000 replicates
and gaps were treated as missing data. All clexsautere treated as equally weighted.
Maximum likelihood, maximum parsimony and neighpmning phylogenetic trees were
constructed.Pavlova gyransvas used as an outgroup to resolve the relatiossimpng

other species.

4.3 RESULTS & DISCUSSION

4.3.1 Morphological identification

Light microscopy observations of a healthy micraalgulture showed solitary, golden-

brown, motile cells that were anteriorly truncated gposteriorly rounded (somewhat
oval). The cells were 5 to 6 um in length and epjpnately 4 um in breadth and
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possessed two equal length flagella (Figure 4.1 B)& The presence of flagella implies
that the isolate could belong to the class Crypgophe, Prasinophyceae, Dinophyceae or
Prymnesiophyceae (Tomas, 1997). The absence afllet/fyurrow and ejectosomes
verifies that the isolate is not a member of thgtwphyceae (Tomas, 1997). The shape
of algal cells belonging to the class Prasinophgdgaadrangular) is not consistent with
the isolate shape implying that the isolate dogdmritong to this class. The isolate also
does not belong to the Dinophyceae class sincecthss consists of algal cells that
possess a traverse flagella which was not observéte isolate. The light microscopy
observations of the isolate are however consistaht descriptions of cells belonging to
the Prymnesiophyceae class (Tomas, 1997). Thatésavas obtained from Marina
Beach (inshore waters), South Coast, Kwa-Zulu Natalhe sampling region is
influenced by the Agulhas current and has been shHowe dominated by haptophytes

amongst other species (Schlutdral, 2011). Hence, the isolate could indeed be a

haptophyte.

Figure 4.1 (A-B). Light microscopy images of isolate cells showiagpair of equal length
flagella and(C): shadow-cast cell with single flagella (the otheaswshed). Arrows indicate

flagella.
Ultrastructural observations, using electron micopy, showed cells containing two

chloroplasts (Figure 4.2 A). Each chloroplast eorg a fusiform pyrenoid that is
traversed by a pair of thylakoids (Figure 4.2 A &)d No girdle lamella was observed
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in the plastids (Figure 4.2 A — D) and a continuobroplast outer membrane with the
outer nuclear envelope was noted (Figure 4.2 @yipReral endoplasmic reticulum (ER)
is situated beneath the plasmalemma (Figure 4.2d@a and a fan-like golgi apparatus,
presumably were scales are produced, was obseRigdré 4.2 A and C). Multiple
layers of scales surrounded the cells (Figure 4208. All these features are consistent
with members of the Haptophyta division (Figure;4Gleen and Leadbeater, 1994;
Jordan and Chamberlain, 1997; Edvardsieal, 2000) implying that the isolate is indeed
a haptophyte alga.
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Figure 4.2 (A-D) Microphotographs of sections through isolatésg@even day old culture). Abbreviations: N

nucleus; Nu nucleolus; M mitochondria; C chloroplaBy pyrenoid; G golgi apparatus; ER endoplasmic
reticulum; V vacuole; R ribosomes; Sc scales.




Figure 4.3: Diagrammatic representation of the general uhmasitral organization of a

haptophyte cell. N = Nucleus, Py = Pyrenoid tragdrby thylakoids, C = Chloroplast, GA =
Golgi Apparatus, M = Mitochondrion, Sc = Scales, GM Continuous chloroplast outer
membrane and outer nuclear envelope, PE = Perighedaplasmic Reticulum and F = Flagella.
(Adapted from Solomost al, 1986).

No haptonema was evident in the isolate cells. él@n a rudimentary haptonema could
be present but was probably not seen in any od¢agons that were made. The absence
of a haptonema or presence of a rudimentary haptané the cells of the isolate,
indicates that the species belongs to the Isoatales class (Edvardsest al, 2000).
The isolate possessed two, equal length flagetipréximately 7 um long; Figure 4.1 A
& B) that were distally tapered (Figure 4.1 C),tteas that are consistent with the
description ofl. galbanaflagella highlighted by Green and Pienaar (197¥he isolate
was covered by multiple layers of body scales (fegu4 A). Each scale carries a pattern
of approximately 40 radial ridges that are arranigefbur quadrants (Figure 4.5). The
size of individual scales is depicted in Figure.4.5he described scale morphology
closely resembles that observed by Green and Ri¢b@a7) when analyzintsochrysis

galbana Haptophyte scales are so unique that they camsbd to determine species
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identification (Green and Leadbeater, 1994). Thtusnay be deduced that the isolate is
presumably a strain of galbana.

Figure 4.4 (A-B): Sections through the marginal region of the cetiveing layers

.

of superficial body

scales and glancing sections of the scales.

Radial ridges

200-300nm

300-400nm

Figure 4.5: Schematic representation of the isolate body scale
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4.3.2 Molecular identification

A dual method of microalgae identification enabldse definitive, unambiguous
identification of the isolate. The morphologicalatysis revealed that the isolate is
indeed a haptophyte belonging to the Isocrysidekess and possiblgochrysis galbana.
Molecular methods were used to verify these results

The algal DNA was successfully amplified as indechby the dark bands in lanes two to
seven (Figure 4.6). Lane one represents the ddatr® that lacked any template DNA in

the reaction mixture. A clear lane indicated notaonnation of any PCR component
which could lead to inaccurate results (Figure.4.B)e amplified region was sequenced
and the nucleotide sequence, in Figure 4.7, wad faeall downstream phylogenetic

processing.

s il
[ v G — - —

Approximately
1000 base pairs

Figure 4.6: PCR amplification products of the SSU nuclear rimoal encoding region of the
microalgal isolate separated on a 1% agaroseMel.100 bp plus DNA laddef,: control lane
(no DNA template)2 - 7: replicates of amplification with DNA template.
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1 TCAGAGTGTT TCAAGCAGGC AGTCGCTCTT  GCATGGATTA GCATGGGATA  ATGAAATAGG
61 ACTCTGGTGC TATTTTGTTG  GTTTCGAGCA CCGGAGTAAT  GATGAACAGG GACAGTCAGG
121 GGCACTCGTA TTCCGCCGAG AGAGGTGAAA TTCTCAGACC  AGCGGAAGAC GAACGACTGC
181 GAAAGCATTT  GCCAGGGATG TTTTCACTGA  TCAAGAACGA  AAGTTAGGGG ATCGAAGACG
241 ATCAGATACC  GTCGTAGTCT TAACCATAAA  CCATGCCGAC TAGGGATTGG AGGATGTTCC
301 GTTTGTGACT CCTTCAGCAC CTTTCGGGAA ACTAAAGTCT  TTGGGTTCCG GGGGGAGTAT
361 GGTCGCAAGG CTGAAACTTA AAGGAATTGA CGGAAGGGCA CCACCAGGAG TGGAGCCTGC
421 GGCTTAATTT  GACTCAACAC GGGGAAACTT ACCAGGTCCA GACATTGTGA  GGATTGACAG
481 ATTGAGAGCT CTTTCTTGAT  TCGATGGGTG GTGGTGCATG GCCGTTCTTA  GTTGGTGGAG
541 TGATTTGTCT GGTTAATTCC  GTTAACGAAC GAGACCGCAG CCTGCTAAAT  AGTGTCCCCA
601 ACCCCTTGTT GGGGCTCGCT TCTTAGAGGG ACAACTTGTC  TTCAACAAGT  GGAAGTTCGC
661 GGCAATAACA GGTCTGTGAT GCCCTTAGAT GTTSTGGGCC GCACGCGCGC TACASTGATG
721 CATTCAGCGA GTCGTCTCCC TTGACCGAGA GGTCCGGGTA ATCTTGTGAA  CTTGCATCGT
781 GATGGGGATA GATTATTGCA  ACTATTAATY  TTCAACGAGG  AATTCCTAGT  AAGCGTGTGT
841 CATCAGCGCA CGTTGATTAC GTCCCTGCCC TTTGTACACA CCGCCCGTCG CTCCTACCGA
901 TTGAATGATC  CGGTGAGGCC CCCGGASTGC GGCGCCSCCG CYGGTTCTCC AGYSCTGGCG
961 TCGCGGGAAG CTGTCCGAAC

Figure 4.7: Nucleotide sequence of the amplified region inrtfieroalgal genome.

A phylogenetic study using maximum likelihood (Figut.8), maximum-parsimony and
neighbour-joining analyses (see Supporting InforomaFigures 4.S1 & 4.S2) produced
similar trees. All trees confirmed that the iseldielongs to Clade C of the class
Prymnesiophyceae (Edvardsehal 2000). More specifically it is a member of the
Isochrysidales order and shows great sequenceasityito Isochrysis galbanaParke
strain UIO 102 (Figure 4.8) implying that the idelés a strain ofsochrysis galbanand

will henceforth be calletsochrysis galbanatrain U4.
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Clade C’

Cruciplaccolithus neohelis

81 |gg | Helladosphaera sp.
Calyptrosphaera sp.
32 Coccolithus pelagicus
Calcidiscus leptoporus
Umbilicosphaera foliosa
- . Coccolithales
Calcidiscus quadriperforatus

Reticulosphaera socialis

Pleurochrysis sp.
93 Ij Pleurochrysis elongata
94 - Pleurochrysis carterae

— Isochrysis galbana strain U4

61

- Isochrysis galbana strain UIO 102
42— Isochrysis sp. 3011
Isochrysis sp. 8701

g8 [ Isochrysis sp. CCAP

oo

Isochrysis sp. zhangji i .
sochrysis sp. zhangjiangensis Isochrysidales

ﬁchrysis galbana strain DB

p” 48— |sochrysis sp. 0318

Emiliania huxleyi L04957

Gephyrocapsa oceanica
100| Emiliania huxleyi M87327
Coccoid haptophyte

Pavlova gyrans

—A
0.01

Figure 4.8. Phylogenetic tree based upon a maximum likelih@mélysis showing the
relationships between 18s rDNA sequences of 23iepdelonging to Clade C of the class
Prymnesiophyceae (Edvardsetnal, 2000). Pavlova gyransvas used as the outgroup. Numbers
at the nodes indicate bootstrap values (1000 @ph. The 18s rDNA sequence obtained from
this study is indicated in bold.

4.4 CONCLUSION

It may be concluded that the selected model orgamssa Haptophyte, belongs to Clade
C of the class Prymnesiophyceae (Edvardgeal 2000) and more specifically is a strain
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of Isochrysis galbanand will be calledsochrysis galbanatrain U4 henceforth since

the culture was labeled U4 in the culture collactio

4.5 SUPPORTING INFORMATION

Cruciplaccolithus neohelis
Coccolithus pelagicus

Umbilicosphaera foliosa

86 p” Calcidiscus leptoporus
Calcidiscus quadriperforatus

88 _{ Calyptrosphaera sp.
98 | Helladosphaera sp.

Reticulosphaera socialis

Pleurochrysis sp.
92 _L— Pleurochrysis elongata
92 L Pleurochrysis carterae

Isochrysis sp. 8701

- Isochrysis galbana strain UIO 102

Isochrysis sp. zhangjiangensis
46| Isochrysis sp. CCAP
— Isochrysis sp. 3011

54
— Isochrysis galbana strain U4
100
- Isochrysis galbana strain DB
Isochrysis sp. 0318

86 Gephyrocapsa oceanica

Emiliania huxleyi LO4957
100 | Emiliania huxleyi M87327
Coccoid haptophyte

Pavlova gyrans

F—
0.01

Figure 4.S1:Phylogenetic tree based upon a neighbor-joinindyaisashowing the relationships
between 18s rDNA sequences of 23 species belongiG{ade C of the class Prymnesiophyceae
(Edvardseret al, 2000). Pavlova gyranswas used as the outgroup. Numbers at the nodes
indicate bootstrap values (1000 replicates). T8mrDNA sequence obtained from this study is

indicated in bold.
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50 Cruciplaccolithus neohelis

I: Calyptrosphaera sp.
77 87 Helladosphaera sp.

Coccolithus pelagicus
50 Calcidiscus leptoporus
52 79 Umbilicosphaera foliosa
430|: Calcidiscus quadriperforatus
Reticulosphaera socialis
29 Pleurochrysis sp.
88 Pleurochrysis elongata
496|: Pleurochrysis carterae
17 Emiliania huxleyi M87327
23 { Gephyrocapsa oceanica
99 Coccoid haptophyte
Emiliania huxleyi L04957
3 Isochrysis galbana strain U4
Isochrysis galbana strain UIO 102
88 : { Isochrysis sp. 3011
45 Isochrysis sp. 8701
Isochrysis sp. CCAP
- 1 { Isochrysis galbana strain DB
2 Isochrysis sp. zhangjiangensis
Isochrysis sp. 0318

Pavlova gyrans

Figure 4.S2: Phylogenetic tree based upon a maximum parsimomysia showing the
relationships between 18s rDNA sequences of 23iepdmelonging to Clade C of the class
Prymnesiophyceae (Edvardsetral, 2000). Pavilova gyransvas used as the outgroup. Numbers
at the nodes indicate bootstrap values (1000 =@pky. The 18s rDNA sequence obtained from
this study is indicated in bold.
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CHAPTER FIVE

The Effect of Nitrogen Limitation and Starvation on I sochrysis galbana U4
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5.1 INTRODUCTION

Alterations in the growth environment have a sigalfit effect on the chemical
composition and growth characteristics of microbtgdls (Fidalgoet al, 1998). Factors
that may be manipulated in an attempt to alted lgpmposition and content include the
source and concentration of major nutrients suchiwegen and phosphorous, light
intensity and the temperature at which the systermaintained (Tedesco and Duerr,
1989; Rodolfiet al, 2009). Of these factors, the most widely regmbiinducer of lipid
accumulation is nitrogen depletion @i al, 2008b; Merzlyalet al., 2007).

The induction of lipid synthesis in response taagéen stress is not new. It has been
widely researched since the late 1940s after beshg demonstrated by Spoehr and
Milner (1949) where they showed that nitrogen stdon in Clorella pyrenoidosa
resulted in the accumulation of approximately 858tdl Nutrient starvation results in
the channeling of metabolic flux generated by psgtthesis to lipid biosynthesis upon
nutrient stress (Let al, 2008b). This is a mechanism used by microatgagdapt to
stress and to ensure that an energy rich resei@resent when favorable conditions
return to enable the population to recover oncestress is lifted. Lipid is a common
energy reserve as it generates significantly great®unts of energy than carbohydrates,
upon oxidation (Roessler, 1990; Rodeifial., 2009).

Nitrogen is an essential component in genetic n@teamino acids which make up
peptides, proteins and enzymes, chlorophylls amdggriransfer molecules such as ATP
and ADP. It is therefore clearly evident that egfen is mandatory for cell growth and
division (Lavin and Lourenco, 2005; Barsanti andalBari, 2006; Liet al 2008b).
Under nitrogen replete conditions, photosynthdffcaksimilated carbon is utilised for
algal growth and reproduction. The accumulatiorstofage carbon compounds, upon
nitrogen stress, is at the expense of algal growthmay therefore be deduced that an
inverse relationship exists between algal cell ghoand storage product accumulation in
the form of lipids (Liet al, 2008b).
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Lipid productivity is however the product of theitl content (% dry weight) and the
biomass productivity (grams dry weight per liter day) and is a key characteristic when
selecting a microalgal species for biodiesel pradacsince it determines the eventual
rate of lipid/oil production (Griffithset al, 2009; 2012). Thus a balance needs to be
established between both parameters (lipid yieldl @omass productivity) in order for
significant lipid yields to be realized. Numercagthors have investigated the effect of
nitrogen limitation on the final lipid yield in micalgal species (Reitaet al, 1994,
Sheeharet al, 1998; Shifrin and Chisholm, 1981) but the tempaspect of any analysis
of lipid production and lipid productivity have bbeaeglected. The understanding of the
temporal tradeoff between lipid accumulation anolwgh is essential if nitrogen stresses
are to be used as a tool to maximize the finadllipeld obtained from algal cells (Adams
et al, 2013).

A more in-depth understanding of the biochemistrigl @ahysiology of cells exposed to
nitrogen stresses (nitrogen limitation and staorgtleading to lipid synthesis would also
be beneficial as it may aid in optimizing lipid drection. A study was conducted that
focused on the growth, nitrogen uptake, pigmematiad lipid production rates ih
galbanacells grown inf/2 medium. The ultrastructural changes associatel watious
growth phases in batch culture were analysed iatt@mpt to understand how individual

cells react to nitrogen stresses.

5.2 MATERIALS & METHODS

5.2.1 Experimental setup

Modified aerated Schott® bottles (1 L; Section 2v&re used to set up batch cultures of
I. galbanaU4 for both experiments (Sections 5.2.2 and 5.2T3)e bottles and glass tops
were thoroughly cleaned and autoclaved (2€1for 30 minutes) prior to use. All
cultures were sparged with filtered (Whatman® wn#l2 um) air and incubated at 23 £
2 °C and under a photon flux density of 1dfiol photons.i.s* with a 10:14 hour light-

dark cycle.
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5.2.2 Effect of nitrogen depletion on. galbana U4

A study was conducted to demonstrate the effetheiatural uptake and consumption
of nitrogen (progressive nitrogen depletion) bygalbana cultured in /2 medium
(Guillard and Ryther, 1962). Both nitrogen-repletgperiments and controls lacking
nitrogen were setup. The nitrogen-replete cultwwvese grown in standarfd2 medium
(Guillard & Ryther, 1962) whilst the nitrogen-def@eultures (controls) were grown in a
modified f/2 medium that lacked sodium nitrate (the sole nitrogeurce irf/2 medium;
Guillard & Ryther, 1962). Vessels containing 80Dahthe standard and nitrogen-free
f/2 medium were each inoculated with 4.8 X délls ofl. galbana The stock culture for
the inoculum was in the stationary phase to enthakethe cells were indeed nitrogen
starved and to ascertain that no nitrogen was ptresethe inoculum. All treatments
(nitrogen-replete and nitrogen-deplete) were umdtert in triplicate and monitored over
two weeks under the conditions described abovequats of the culture were extracted
every alternate day and the cell concentrationid lipontent, intracellular nitrogen
content, nitrate concentration in the milieu anliué pigmentation were determined as
described in Sections 2.5, 2.7, 2.14.2, 2.13.12ah8, respectively.

Cells, from the nitrogen-replete culture, were &otied during the lag, exponential and
stationary phase and embedded in resin, sectionddveewed using a transmission
electron microscope as described in Section 2.1A Xkmall aliquot of cells from each
treatment (exponential and stationary), that wékrated with Spurr’s resin for electron
microscopy, was harvested prior to polymerizatidris was mounted on a microscope
slide, covered with a coverslip and the preparati@s polymerized together with the
electron microscopy preparation. Such slides wewed with a Zeiss Axiophot light
microscope with Nomarski optics at 1000 times mication. Zeiss AxioVision
microscopy software was used for pyrenoid size oreasents (see Supporting
Information; Section 5.5 — Figure S5.1). Sixty dam pyrenoid measurements were
conducted for each growth stage. The software SRSStatistical Program for Social
Sciences 20) was used to perform statistical aeslyBifferences in the pyrenoid size
between exponential and stationary phase cells weatuated using an independent
sample T-test.
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5.2.3 Effect of varying starter nitrogen concentrabns onl. galbana U4

The experiment was aimed at determining the effefctvarying sodium nitrate
concentrations oh galbana Fifteen vessels, containing 500 ### medium each, were
inoculated with approximately 3.0 x %6ells of a healthyl. galbanaculture. The
cultures were grown for 14 days (until the late angntial phase/early stationary phase
was reached). The cultures were then centrifugetlD00 rpm for five minutes, and the
algal pellets were gently resuspended in 80@/2Znnedium with varying sodium nitrate
concentrations (Table 5.1). Each concentratiomesgmted a percentage of the sodium
nitrate required to make up nornf& media. The treatments included 0%, 25%, 50%,
75% and 100% sodium nitrate, where 100% referregi@@ x 102 M sodium nitrate in
the medium (i.e. the total sodium nitrate in norMalmedium, Guillard and Ryther,
1962). Culture aliquots were extracted every tldey to determine the lipid yield,
biomass productivity and lipid productivity (Sect®2.7, 2.9 and 2.10 respectively). The

nitrate concentration in the milieu was also mamith(Section 2.13.1).

Table 5.2 Sodium nitrate concentrations used in the study.

Percentage Sodium Sodium Nitrate Concentration
Nitrate (ppm)

0% 0

25% 18.75

50% 37.5

75% 56.25

100% 75

The rate of lipid accumulation and biomass proditgtireduction were obtained from
the slope of the best-fit curves of the respectimgen treatments. Triplicates of the
control and all experimental treatments were cotetland the lighting received by each

batch culture was evened out by random relocatidheovessels every alternate day.

72



5.3 RESULTS & DISCUSSION

5.3.1 The effect of nitrogen absence/presence ongal growth, lipid yield and
pigmentation

Growth ofl. galbanaU4 was inhibited, after day 4, in nitrogen-depletedium (Figure
5.1). This response is expected since nitrogemaisdatory for cell growth and division.
Growth inhibition was accompanied by the rapid awglation of lipid until day ten, after
which it stabilized (Figure 5.1). Lipid accumutati occurs due to the excess fixed
energy from photosynthesis, no longer capable ofgoesed for growth, being shunted
into lipid production to provide the cell with eggrduring times of metabolic imbalance
(Lacouret al, 2012b). The cessation in lipid accumulationhesdells aged suggests that
there is a possible limit to the amount of lipicta particular cell is capable of storing
which is a consequence of the limited volume ofdék that requires the storage of both
essential organelles (e.g. nucleus, chloroplast)lignd bodies. This could also simply

be an inability of the cell to produce certain kegteins for lipid production.

In contrast, to the nitrogen-deplete cultures, scgifown in nitrogen-replete medium
showed a distinct lag, exponential and stationdrgsp (Figure 5.1). The lag phase
(Figure 5.1) was of similar duration (approximatiiyee days) to that observed by Liu
and Lin (2001) using another strainlebchrysis This prolonged lag phase, evident in
the present study, may be attributed to the canditif the cells used for the inoculum.
Previously nutrient-deprived cells, as expected, lgnid-rich and require more time to
respond to conditions favorable to growth than ¢hekich are already actively growing
because they have to reactivate processes esdentgabwth such as protein synthesis.
The observed decrease in lipid yield, as the egitered the exponential phase of growth,
is indicative of the consumption of this energyhrieserve for the rebuilding of the cells
(e.g. chlorophyll synthesis etc.) upon exposurentitrient-rich conditions. A short
exponential phase resulting in high cell densivas evident similar to that observed in
other studies conducted using materidlsothrysis(Fabregagt al, 1986; Huerlimanmet

al., 2010). The lipid yield rapidly increased duritige course of the stationary phase
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highlighting the expected antagonistic relationstuptween growth rate and lipid
accumulation.
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Figure 5.1: Isochrysis galbandJ4 growth curve showing lipid accumulation undetragen-

replete and deplete conditions. Error bars reptegandard deviation (n = 3).

Interestingly, the stationary phase, in the nitregeplete treatment, did not coincide with
the depletion of nitrogen in the culture mediumjalihvas consumed by day six (Figure
5.2). Growth proceeded for three days post-exi@ust all measurable nitrogen in the
culture medium (cf. Figures 5.1 and 5.2). Likewisdls inoculated into medium lacking
any nitrogen were able to grow for the same threg meriod before growth stopped
(Figure 5.1). This response to nitrogen limitatltas been demonstrated in an array of
other microalgal species (Dorte al 1984). However, it is known that nitrogen is
mandatory for cell growth. Cell growth and divisjon spite of the depletion of external
nitrogen pools, means that nitrogen is somehowedton the cells when abundant
nutrients are available. These nitrogen reservoiy then be utilised during stressful
conditions. This is probably an evolutionary adaptaof algal species that experience
erratic fluctuations in nutrient content in theiataral environment. Therefore rapid,

mass nutrient uptake (luxury uptake) would be berafto them (Dortchet al, 1984;
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Lavin & Lourenco, 2005; Lacowet al, 2012a). Furthermore, this rapid nitrogen uptake
may also enable algal species to out-compete hwaat effectively compete with other

species.

Luxury nitrogen uptake in this specieslsbchrysiswas evidenced by the large amount
of intracellular nitrogen observed during growth mutrient-replete medium and
maintained as such even after all measurable eftarmmogen became depleted (Figure
5.2). However, these intracellular nitrogen ressrsiowly declined as growth proceeded
due to its assimilation into structural componeartd became negligible at the time that
the stationary phase was reached (cf. Figures &dl582). A rapid decline in the
intracellular nitrogen levels was observed in celdtured in nitrogen-deplete medium
until day six, when it became undetectable (Figu®). This coincided with the halt in
cell growth and division (cf. Figures 5.1 and 5.1).This data collectively supports the

notion that it is indeed the intracellular nitrogéat is limiting growth.
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Figure 5.2: Ambient nitrate depletion and intracellular nifem utilization inl. galbanaU4 cells
grown under nitrogen-replete and nitrogen-deplaiaditions. Error bars represent standard
deviation (n = 3).
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The continuation of cell division itsochrysisin medium for a few days following the
apparent exhaustion of nitrogen in this study isagneement with the observations of
many others (Herzig & Falkowski, 1989; Lavin & Lewmco, 2005). These authors
suggest various mechanisms of nitrogen storag&jdimg incorporation into inorganic
nitrogen compounds such as ammonia, nitrate amden#nd into organic compounds
such as chlorophyll, amino acids, peptides, prete@nzymes, nucleic acids and vitamins.
The capacity to store nitrogen is widespread antongsroalgae but the degree of
intracellular nitrogen accumulation is strongly cpse specific and dependant on factors
such as the surface area to volume ratio of thé ared the activity of nitrogen-
assimilating enzymes in various species (Dodthl, 1984; Lavin & Lourenco, 2005).
The species ofsochrysisused in the present study is approximately 5Spmeirgth
(Chapter 4). Because of their large surface areelume ratio, such small cells would

portray elevated mass nitrogen uptake capabiliékzive to larger microalgal species.

In the nitrogen-replete treatment, the chlorophgthtent increased until day six, a period
which coincided exactly with the depletion in meaasle nitrogen in the medium (cf.
Figures 5.2 and 5.3). Similar observations havenbeade during the logarithmic phase
of batch cultures of other specieslIsbchrysis(Fabregaset al 1986; Davidsoret al.
1991), but this study is unique in showing a clééect relationship between measurable
ambient nitrogen levels and chlorophyll content.ell Glivision continues after the
depletion of measurable ambient nitrogen becausecdiis draw on internal nitrogen
reserves, but chlorophyll synthesis is essentelitgsted with the result that the absolute
content of chlorophyll per cell decreases. A rap@trease in the chlorophyll content
was evident during the stationary phase. A mooaqunced chlorophyll reduction was
observed in the nitrogen-deplete treatment whel@aphyll levels rapidly declined over
the duration of the experiment until it approacledical levels (approximately 0.1
pg/cell) from day ten onwards (Figure 5.3). Instirgyly, the reduction in chlorophyll to
critical levels (Figure 5.3) occurred simultanegusith the arrest in lipid accumulation
(Figure 5.1). Hence, the halt in lipid accumulatemuld be a consequence of the reduced

chlorophyll levels since solar energy, which istoagd by the photosynthetic apparatus,
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is essential for the generation of the metabolix ftequired for lipid synthesis and

accumulation (Let al, 2008b).

Chlorophyll contains four nitrogen atoms and solddae used as a nitrogen source when
nitrogen is limited, but chlorophyll-derived nitrexg is minimal (less than 1% of the total
cellular nitrogen in microalgae, Dort@t al, 1984). Thus, it is unlikely that the rapid
decrease in chlorophyll content, under growth iiim@ conditions, is as a result of
nitrogen mobilization from degraded chlorophyll. mdetabolic imbalance occurs during
nitrogen stress because photosynthesis continuesgiowth and cell division are
arrested. This in turn leads to cellular oxidasteess. The production of lipids requires
considerable amounts of energy (ATP) and reducowep (NAD(P)H), hence forms a
sink for the excess electrons, and so initiallyuess photochemical damage of the algal
cells (Roessleet al, 1990; Lacouet al, 2012a). However, microalgal cells have a limit
to the amount of lipid that they can store basedhair volume and inability to grow
(Lacouret al, 2012b). A reduction in the chlorophyll contean thus be viewed as an
attempt by the cell to decrease photosyntheticsratel thus enable it to acclimate to a

cessation in cell growth and division (RoessleB@ 9 acouret al, 2012a).

The depletion of measurable ambient nitrogen cdetti with an increase in the
carotenoid to chlorophyll ratio in both nitrogerplete and nitrogen-deplete cultures (cf.
Figures 5.2 and 5.3). Because this ratio onlyegased after chlorophyll synthesis ceased
in the nitrogen-replete cultures, it is clear thiéitogen stress results in an increase in the
synthesis of carotenoids. The increased carotgmoiduction coupled with the decrease
in chlorophyll synthesis resulted in a change ia tiolor of nutrient stressed cultures
from golden-brown to orange (not shown). Carotes@ice nitrogen-free pigments, the
concentration of which increase in response torenmental stresses e.g. During the
stationary phase, when the integral irradiancecgércycle is elevated due to minimal
cell divisions, the chlorophyll content decreased the carotenoid levels increase as a
protective response (Ben-Amotz & Avon, 1983; Dasidet al, 1991; Flynnet al,
1992). Amongst other functions, carotenoids play isportant structural role in

chloroplasts. When microalgal cells are stresdkd, resultant carotenoids that are

77



rapidly produced form an association with chlorgplaembrane lipids. This association
in turn results in an increase in membrane therabdgy, a decrease in membrane

fluidity and a reduction in its susceptibility ipid peroxidation (Havaux, 1998).

The observed increase in the carotenoid to chlgdbphtio upon external nitrogen
depletion means that the ratio can be used as leemair nutrient stress in this species of
Isochrysis These findings correlate strongly with the fimgs of Heathet al (1990),
where it was determined that this ratio is a rédiglyoxy of cellular nutrient status for an
array of marine phytoplankton includingochrysis galbana Furthermore, the ratio of
carotenoids to chlorophyll observed in the presémtly was in the same range as those
observed by Heatét al (1990). They found that absorption ratios inesscof 2.4 were
exhibited by cells experiencing extreme levelsitbgen deficiency and those below 1.4
were found in cells experiencing excessive nitrogeailability (Heathet al, 1990;
Figure 5.3).

An elevated total carotenoid content in nitrogaresstedisochrysiscells has also been
reported elsewhere (Jalat al, 2013). An increase in the photoprotective caroit
concentration insochrysis galbanaells exposed to elevated irradiances has also been
observed (Fujiki and Taguchi, 2002) but no studyarahterized the carotenoid
complement produced by this species when nitrogressed. However, Geidet al
(1998) showed that the actual type of caroten@sered by nitrogen stress Dunaliella
tertiolecta were the photoprotectiver (and  carotenes) rather than the photosynthetic
carotenoids. This shows that carotenoid accunwulati response to nitrogen depletion
is not in an attempt to increase the photosynthaditity of the cells when chlorophyll
levels drop. The increase in photoprotective emoids rather than photosynthetic
carotenoids may be in an attempt to increase fongtsuch as quenching chlorophyll in
response to increased exposure of the cells tate@virradiances when cell division
seizes (Geidest al, 1998).
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Figure 5.3: The ratio of carotenoids to chlorophyll (car:cahd the fluctuations in chlorophyll
content observed ih. galbana U4 cells grown under nitrogen replete and nitrogieplete

conditions. Error bars represent standard devidtic= 3).

5.3.2 Implications of nitrogen stresses on algal twhstructure at varying growth
stages

The ultrastructure of healthy cells of speciedsuichrysishas received much attention
(Green & Pienaar, 1977), including aspects of dgision (Hori & Green, 1985) and the
flagella root system (Hori & Green, 1991). Moreently, attention has switched to the
formation of lipid bodies in this genus (Liu & Li2001; Eltgrothet al, 2005). In the
present study, an analysis of ultrastructural ckanglsochrysis galban&J4 at various
growth stagesn batch culture (nitrogen-replete) revealed somieréesting findings

relating to the cessation of growth brought abguhiltrient deprivation.

Healthy, exponential phase cells contained no lippdlies and the chloroplasts were
intact and contained large pyrenoids (Figure 542 D). The cells were also covered
by multiple layers of glycoprotein scales (See tinsege in Figure 5.4.1 B for scales).
As previously observed by Flyret al (1992), Liu and Lin (2001) and Eltgro#t al

79



(2005), the major change incurred by cells entetiihg stationary phase was the
formation of cytoplasmic lipid bodies (Figures 2.4A - D) and plastidial lipid bodies
(Figure 5.4.3 A and B; See inset image in Figuke3BA for magnified plastidial lipid
body). Plastidial lipid bodies have been considéoebe sinks of surplus reducing power
(Eltgroth et al, 2005). It was proposed that lipids are syn#tessiand packaged in the
plastid and thereafter transported to the cytopl@ésion and Lin, 2001; Eltgrotlet al,
2005). The latter proposal may be justified by ¢hlese proximity of the lipid bodies in
the cytoplasm to the chloroplastsigochrysis galband4 (Figure 5.4.2 A- D and 5.4.3
B - D). Figure 5.4.3 represents a postulated payhet lipid synthesis in. galbanaU4.
As per the figures, lipid production is initiated the chloroplast (Figure 5.4.3 A). The
plastidial lipid bodies emerge from the chloropisgure 5.4.3 B) and then form distinct
membrane bound cytoplasmic lipid bodies (Figure3@) which may coalesce as the

cultures age and more lipid is produced (Figure3s3).

In Dunaliella bardawil, intrachloroplastic lipid bodies were mainly compebsef
carotenoids (Ben-Amotz and Avron, 1983) whereasdla another species Isbchrysis
contain mostly poly-unsaturated long chain alkeadie&enones and alkenoates (PULCA,
Eltgroth et al 2005). The exact function of these plastidipidibodies in the current
Isochrysisisolate is unknown but this could be unravelethdy can be extracted and
their composition determinedThe large amount of cytoplasmic lipid bodies (Fegur
5.4.2 A-D) accumulated upon the depletion of indémitrogen reserves is a survival
mechanism used by microalgae to ensure an enatigyreservoir is present when

growth-stimulating conditions return (Rodadfi al, 2009).

A gradual disassembly of the chloroplast was evidesnthe stationary phase progressed
(Figures 5.4.2 and 5.4.3 B and D). This was intresh to the observations by Eltgreh

al. (2005) where no chloroplast breakdown was nogstlihg them to suggest that
neutral lipid is actively produced in the chlorggikarather than being scavenged from
chloroplastic membranes during the stationary phdse plastid disassembly, evident in
the present study, may be in an attempt to redbhotopynthetic rates during growth-

limiting conditions. Upon nitrogen limitation n&ar-encoded cytoplasmic proteins are
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preferentially synthesized over those proteins daddy plastid DNA (Falkowslét al,
1989). This may be due to the presence of most@mcids in the cytoplasm where
nuclear encoded translation occurs. Most amindsachade by transamination in the
cytoplasm, would need to be transported back iht ¢hloroplast prior to plastid
encoded translation (Falkowskt al, 1989). The majority of the plastid proteins are
encoded by chloroplast DNA. A decrease in plaBidA translation brought about by
nutrient deficiency would thus result in a declineplastid membrane proteins, such as
the D1/D2 proteins of PSII (reaction centre praggiand stromal proteins. Membrane
proteins form integral polar membrane componente&éhe membrane structure would
be adversely affected upon their removal (Mock Ermabn, 2002). Nitrogen deficiency
has also been shown to increase the activity of Ion@ne galacto-lipid-specific acyl
hydrolase inDunaliella salinacells. This enzyme catalyses the breakdown of the
chloroplast membranes and it was suggested thathtloeoplast membrane fatty acids
released could be incorporated into storage lipgknves in response to nutrient stress
(lipid recycling, Cho and Thompson, 1986). Chldasp proteins may also be broken
down to be used as a nitrogen source elsewherenwhay result in plastid membrane

dismantling if these proteins are located in thentm&ne rather than the plastid stroma.

An independent samples T-test revealed a statlgtsignificant difference between the
pyrenoid size in exponential and stationary phadls ¢t = 20.357, df = 113.358, p <
0.005). The pyrenoid size of exponential phasks ¢&1 = 1.1961um, SD = 0.20475) was
significantly larger than the pyrenoid size of istiaary phase cells (M = 0.3293um, SD=
0.26199). This was also obvious in sectiontso€hrysis galban&4 cells (Figure 5.4.1
in comparison to Figure 5.4.2). Furthermore, pgigs could not be found in late
stationary phase cells (not shown). A similar latkyrenoids was also found in cells of
Isochrysisthat had been stored in alginate beads for a y&aer(, 2003). This
observation may have been in response to seveogeit deficiency because such cells
released into Nireplete medium rapidly took it up, but no explamatfor this

observation was provided (Chen, 2003).
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Pyrenoids are dense, proteinaceous bodies locatdteichloroplasts of hornworts and
certain algal species. They are mostly composeth@fbulky, nitrogen-rich enzyme
Ribulose-1,5-bisphosphate carboxylase/oxygenasebigBa) that catalyses carbon
dioxide fixation during the dark phase of photoswsis. Pyrenoid size may be affected
by the carbon dioxide concentration, light intepsihd the light-dark cycle (Nagasab
al. 2003). A similar trend in pyrenoid investmentiwgrowth phase in batch culture was
found inDunaliella tertiolectawhere the pyrenoid size increased during the espimed
growth phase and decreased considerably duringsthgonary phase. This was
monitored by the immunofluorescence of Rubisco twhicas either localized to the

pyrenoid or immersed in the plastidial stroma (&imd Carpenter 1997a).

In Isochrysis galbanaRubisco constitutes approximately 23% of thel teé#lular protein

under optimal growth conditions (Claget al, 1999). Conflicting results were obtained
when quantifying Rubisco levels in various micr@lgpecies in response to nutrient
depletion. Some investigators observed a decreagtubisco content upon nutrient
stress (e.g. Falkowsket al, 1989) whereas others showed that the Rubiscelslev
remained constant during all growth stages (e.g.dnd Carpenter, 1997b; Nagasato

al., 2003). No quantitative data of Rubisco levéisoigh the various phases of
development of the batch culture were currentlysped and hence a definitive

corroboration for the decrease in the pyrenoid wiae not obtained.

Numerous possible reasons for the decrease in yhengid size exist. Pyrenoid
reduction, in response to nitrogen stress, canubgfied by the immobilization and
breakdown of the nitrogen-rich protein, Rubisco, i® used as a nitrogen source
elsewhere. This would result in the decrease ihid®o levels in the microalgal cells.
On the other hand, a constant Rubisco level coectwith the decrease in the pyrenoid
size can be explained by the redistribution of Rabiin the plastid. Rubisco may be
localized to the pyrenoid or dissolved in the pthsttroma. McKayet al (1991)
observed that Rubisco activase (an enzyme thatysatathe in vivo activation and
regulation of Rubisco) is co-localized with Rubisoothe pyrenoid. This suggests that

Rubisco located in the pyrenoid is catalyticallytivae whereas stromal Rubisco is
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inactive (McKayet al, 1991). A decrease in the pyrenoid size in eatristressed,
stationary phase cells could be explained by thsuation in catalytically active
pyrenoid-localized Rubisco thereby decreasing carldaoxide fixation rates when

conditions do not promote growth.

A more in-depth understanding of pyrenoid dynanmck galbanaduring nutrient stress
can be obtained with the aid of immunofluoresceraoed electron microscopy
immunogold analysis as conducted by Lin and Cagre(i997a, 1997b). These
techniques would enable the investigator to detsnthe location of the Rubisco

(pyrenoid versus stromal) and even aid in the dfieation of the enzyme.

Another difference between stationary and expoalephase cells was the presence of
condensed masses in the nucleus in stationary (€&fjare 5.4.1 A and C compared to
Figure 5.4.2 C). These masses may be the DNAighatnscribed (mMRNA) but unable
to be translated due to the lack of amino acidanfGit al, 1999) or heterochromatin
production. Nitrogen is necessary for amino acid Bence protein synthesis. Ambient
nitrogen deficiency in phytoplankton results in ttepletion of intracellular nitrogen
reserves in a specific order. Initially inorganitrogen (ammonium, nitrate and nitrite)
is utilized, followed by amino acids, a portion tbk protein content, RNA and finally
chlorophylls (Dortchet al, 1984; Lavin and Lourenco, 2005). The amino gmdl is
thus consumed soon after the onset of nitrogenivdgjam as it is abundant and easily
accessible. This would result in decreased tréosl@ates and increased accumulations
of untranslated mRNAs accounting for the massekennuclei observed in this study.
Dortchet al (1984) showed thdsochrysis galbanaloes not contain a large amount of
stored amino acids (1.5% particulate nitrogen) emparison to other species which
stored amino acids that constitute as much as 26a4#iculate nitrogen. It may
therefore be deduced that the amino acidsachrysiscells would be rapidly consumed

resulting in the early halting of protein synthesis

The masses observed in the nuclei could also leduliromatin since mRNA has a short

half life. Heterochromatin is DNA that is tightlyacked. The over-expression of
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heterochromatin during the stationary phase maythge mechanism by which the
organism protects its genetic material from damalyging unfavorable growth
conditions. This would represent the ‘restingiget inferred by Thinh (1994). The idea
was supported by the ability of nutrient-stresselisovhich were nitrogen starved for
extended periods (up to two months) to recover wtharsferred into fresh medium (data
not shown). Such recoveries have been noted im@gdl month old)Isochrysis
galbanacultures (Thinh, 1994), although this author doetsaddress any issues dealing
with the bulk formation of heterochromatin.

Stationary phase cells either shed or resorb flagjella and became immotile (observed
under light microscopy) and late stationary phasis @lso shed a large amount of their
glycoprotein scales. The loss of the flagella tbayan energy-conserving strategy during
stressful conditions. The loss of the glycoprotales, also observed by Chen (2003),
may be attributed to a decrease in protein syrghdise to insufficient nitrogen supplies
leading to the inability to produce more scales nitee older scales are shed. Hence,
there are multiple ultrastructural changes initiabg nitrogen depletion and cell growth
cessation in. galbanau4.
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Figure 5.4.1 (A-D): Logitudinl sections through exponential phesits. Abbreviations: C-Chloroplast; M-

Mitochondria; N-Nucleus; Py-Pyrenoid; Nu-Nucleol@s-Scales; V-Vacuole; G-Golgi apparatus.




Figure 5.4.2 (A-D): Longitudinal sections througstationary phase cellsAbbreviations: C-Chloroplast; M-

Mitochondria; N-Nucleus; Py-Pyrenoid; Nu-Nucleol$s-Scales; L-Lipid.
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Figure 5.4.3 (A-D): Stages in lipid production. Abbreviations: C-Gllolast; M-Mitochondria; N-Nucleus; Py-
Pyrenoid; L-lipid.
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5.3.3 The effect of varying nitrogen concentrationsn |. galbana U4

Isochrysis galbanavas cultured inf/2 medium containing various levels of nitrogen
which enabled the comparison of multiple nitrogemditions ranging from nitrogen
starved to nitrogen replete cultures. The luxuptake of nitrogen was clearly
demonstrated by. galbana (cf. Figures 5.5 and 5.6). The complete uptakealbf
measurable levels of nitrogen from the medium aidaorrespond with a decrease in the
biomass productivity in any of the nitrogen treatimsg(cf. Figures 5.5 and 5.6). This was
expected since luxury uptake of nitrogen from thedmm and gradual utilization of
intracellular nitrogen by this microalgal specieashbeen previously demonstrated
(Section 5.3.1).
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Figure 5.5: A decrease in the ambient nitrate concentratiot wéspect to time ih. galbana
cultures containing varying sodium nitrate levetsiadicated. Error bars represent standard
deviation (n = 3).
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Figure 5.6: The effect of varying nitrate concentrations lorgalbanabiomass productivities
observed over 15 days. Error bars represent sthndwiation (n = 3). Different letters on the
upper portion of each bar indicates where significdifferences exist between treatments at

various time intervals (P < 0.05).

The biomass productivity in treatments suppliedhwiitrogen initially increased, but
gradually decreased in the nitrogen starved traatr(@o) throughout the experiment
(Figure 5.6). This is expected since nitrogen endatory for growth. However, the
absolute halt in algal growth should be represemgdiomass productivities closely
bordering on zero since biomass productivity meastiie change in biomass yield over
a time period. Biomass productivities that wereager than zero in the nitrogen starved
treatment, in spite of growth inhibiting conditiofiso nitrogen), implies that the dry

weight measurements are influenced by other faetxehiding the concentration of cells.
An elevated biomass yield in the early stages wbgen starvation in microalgal species

is not new (Liet al.,2008b; da Silveet al, 2009; Pruvoset al, 2009; Pruvoset al,

2011; Msannet al, 2012). Some investigators attribute this phemameo thede novo
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synthesis of fatty acids which contributes to theaght of the cells (da Silvet al, 2009).
The cells cultured in the nitrogen starved mediuoubd indeed be in the stationary phase
of growth since late lag/early stationary phasésagére used as the inoculum and these
cells were cultured under stressful conditions t@\hation). The stationary phase, in the
species oflsochrysisused, is associated with the rapid accumulatiostofage lipids
(Chapter 3). The elevated lipid yield in the nigga starved cells in comparison to all
other treatments is shown in Figure 5.7. Hence bibmass productivity measurements
in this study were most probably influenced by tedl growth stage and concomitant
increase in intracellular lipid. The increasehe tell weight due to lipid accumulation is
verified by the biomass productivity (in the nitesgstarved treatment — 0% nitrate)
approaching zero towards day 15, when lipid accatian started to cease (cf. Figures
5.6 and 5.7).
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Figure 5.7: The effect of varying nitrate concentrationslogalbanalipid yield observed over
15 days. Error bars represent standard deviation3). Different letters on the upper portion of
each bar indicates where significant differencestdsetween treatments at various time intervals
(P < 0.05).
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A trend was noted in the cultures that were suppigad with nitrogen where the
biomass productivity increased and thereafter dedli This observation was
pronounced in the 100% nitrate treatment wheréibmmass productivity reached a peak
on day 12 (Figure 5.6). Similar results (peakbiomass productivities) with galbana
have been observed elsewhere but have not beeaireegl(Breuert al, 2012). A
possible reason for the peak in the biomass prodiiyctould be the initiation of lipid
synthesis accompanied by the increase in the i@ guring that instant. As previously
stated, lipid accumulation results in the increiasthe cell weight. A slight increase in
the lipid yield was observed in the 100% nitragatment on day 12 (Figure 5.7). That
lipid increase, coupled with the increase in theygeld, possibly resulted in the biomass
productivity peak. The rapid decline in the biomasoductivity that followed could be
as a result of growth cessation (stationary pha&sehed), in response to nitrogen
starvation or light limitation (Figure 5.8; 100%e#&tment demonstrated an elevated
culture density which would inhibit light penett). Hence, the reduced biomass

productivity, on day 15 in the 100% treatment (Fe&yb.6), was due to the cellular weight

being solely attributed to lipid synthesis and celt division.

Figure 5.8: Observed densities of cultures at various nitratecentrations (as marked on the

vessels) 15 days after inoculation.
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The daily biomass productivities of each nitrogeratment were a direct consequence of
the concentration of nitrogen supplied and not atiher nutrient or culture condition.
This is indicated in Figure 5.6 where the biomasxlpctivities, from day 3 onwards,
were proportional to the nitrogen concentrationtiie medium (i.e. lower nitrogen
concentrations resulted in reduced biomass prodtiesi and vice versa). This is further
supported by the appearance of the cultures orl8dfigure 5.8), the densities of which

were proportional to the nitrogen concentratiordusehe medium.

The level of lipid in cells of the inoculum was swherably higher (about 20% w/w;
Figure 5.7) than those normally experienced indigggrowing cells (about 5 - 10%) and
shows that these cells were nitrogen starved anthenearly stationary phase upon
commencement of the experiment. This validategdp&l increase in lipid yield in the
nitrogen starved treatment (0%) by day 3 (Figu@ Since nutrient stressed cells rapidly
accumulate storage lipids as a survival mechaniRoddlfi et al, 2009). The elevated
lipid yield in the nitrogen starved treatment (Ogtuld have been due to less growth
being initiated in this treatment because of N4aton, therefore less suspended cells
resulting in lower levels of cell-cell self shadin@his in turn results in reduced photo-
limitation in the N-starved treatment than in ahher treatments. Hence, individual N
starved cells received adequate light energy to lipiel production. The treatments
receiving nitrogen (25% - 100%) became very denigle thme since the nitrogen levels
stimulated growth and division (Figure 5.8). Thenser the culture, the more self
shading, resulting in lower levels of light beingceived by the cells to fuel lipid
synthesis. Hence, the lipid yields in the treatteeanging from 25% to 100% were not

as high as the yield obtained in the 0% treatment.

As nitrogen levels depleted in the milieu of thosatments receiving N, the lipid yield
increased. It is likely that the lipid yields ihet various N-fed treatments would have
approached the level in the 0% treatment if theegrpent had been pursued longer. The
cells in the 25% treatment accumulated almost ashnlipid as the cells in the 0%
treatment by day 15 (Figure 5.7). The lipid yigdthded to stabilize after the initial big

spurt in the 0% treatment (Figure 5.7). This cdegdin response to the limited storage
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capacity of the cells that need to store esseotgdnelles (e.g. chloroplast, nucleus etc.)
and the storage lipid reserves. A halt in lipidteesis could also have been induced by
the reduction in chlorophyll levels when N was limg, since N is necessary for
chlorophyll synthesis. These reduced levels obrdghyll would result in a decline in
the photosynthetic activity including lipid syntiees Thus, there is an upper limit to the

lipid accumulating capacity ¢f galbanacells.

An initial, much higher lipid productivity was olysed in the nitrogen-starved treatment
(0%) in comparison to all other N treatments (F&gGr9). This is due to the high lipid
yield in this treatment (Figure 5.7) which compeasafor the reduced biomass
productivity (Figure 5.6; day 3). A more graduatriease in the lipid productivities was
observed in the remaining treatments (25% - 10084) day 3 (Figure 5.9). The initial

increase in the lipid productivities in all treatm® is attributed to the delay in the
adaptation of the cells to new nitrogen conditifirecouret al, 2012a). The N-starved

cells in the inoculum were already in lipid ovevdriand this is immediately switched off
when intracellular N requirements are sated. Thisore rapidly achieved in media with
higher ambient concentrations of N, so a graded différential response in lipid

productivity is noted in response to varying lev@§ in the medium.
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As the experiment progressed (day 12-15; FigurktBelipid productivities of the N-fed
treatments (25% to 100%) progressively overtook altichately became significantly
greater than that of the N-starved (0%) treatmdfigufe 5.9). As expected,
accompanying these increases in the lipid produietsv(Figure 5.9) was the decrease in
the biomass productivities (Figure 5.6) and theaase in the lipid yield (Figure 5.7) in
the cells of the respective treatments. It isrckbat lipid yield, rather than biomass
productivity has a greater influence on the evdripial productivity of this species since
lipid accumulated at a higher rate than the redaam the biomass concentration during
the early stationary phase (Table 5.2). The dotimgeaeffect of lipid yield on lipid
productivity measurements is proven by the reddiged productivities experienced in
the N-starved (0%) culture as time progressed. rake of lipid accumulation in this
treatment dwindled with time, due to the maximalidi capacity of the cells being
reached, which impacted greatly on the lipid praditg which declined rapidly (cf.
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Figures 5.7 and 5.9). Hence, the lipid productivit reduced in highly stressed (late
stationary)l. galbanacells.

Table 5.2 Rates of biomass productivity decrease in corapamwith the increase in the
rates of lipid accumulation and their correspondegyession coefficients ingalbana

cultures grown in the various treatments as inditat

Treatment Rate of Biomass Regression Rate of Lipid Regression
Productivity coefficient Accumulation coefficient
Decrease (% (%w.w/day)
decrease/day}
0% Na(NO»y -2.45 0.9342 5.87 0.8641
25% Na(NO) -6.68 0.9944 8.72 0.8945
50% Na(NO) -4.78 0.8533 5.85 0.9258
75% Na(NO) -3.58 0.6547 4.99 0.7783
100% Na(NO) -2.10 0.1302 3.72 0.8875

®Negative rates represent the decrease in the biopnaductivity over time and the negative
symbol can be disregarded when comparing the oéfgsd accumulation and biomass

productivity reduction.

If the rate of lipid accumulation mirrored the ratebiomass reduction, a constant lipid
productivity would have been observed. Lipid prctduty in N-fed cultures was
somewhat stable between days 6 and 9 (Figure 3r9this window period, the cells
were not nitrogen starved and were growing expoaigntevidenced by a relatively
reduced accumulation of storage lipid, generalighbst levels of maintained biomass
productivities and hence constant lipid produaig). During this window, no
significant fluctuations in the lipid productivisggP > 0.05) were found, making levels of
lipid productivity independent of the nitrogen centration in the medium. However,
the lipid productivity of cells in the N-free tr@a¢nt, during this window was not stable
(Figure 5.9), but rather irregular and relativelgvated and dependent on the levels of
lipid being expressed and the levels of growthhef ¢ulture. Thus, fluctuations in lipid

productivity are indeed initiated by cellular sses such as N limitation as proven here.
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The N limitation induced increases in lipid produity observed here are in concert with
those of Griffithset al. (2012) working on numerous isolates includisgchrysis,but
contradict those of the Aquatic Species Prograne¢Banet al, 1998). Several other
investigators also show that lipid productivity mbg improved by invoking nitrogen
limitation (Takagiet al, 2000; Hsieh and Wu, 2009; Roddadtial, 2009). The finding of
elevated lipid productivities ih galbanaunder such conditions in the present study is
important as it should inform the timing of cultunarvesting. Isochrysiscells should
ideally be harvested when lipid productivity peads,that the highest yield of lipid can

be extracted without drastically effecting the camtcation of biomass.

5.4 CONCLUSION

The intracellular nitrogen content determines thte of growth, hence the initiation of
lipid synthesis insochrysis galbanavhen the ambient N levels are depleted. It may be
deduced that the pigment concentration (chloroploghtent and carotenoid to
chlorophyll ratio) is strongly related to the natrt status of the culture. Multiple
ultrastructural changes are associated with intentigen depletion. These include the
dismantling of the chloroplast structure, the reduc in the pyrenoid size and the

production of plastidial and cytoplasmic lipid besli

It is clearly evident that an elevated lipid protivity may be achieved in this species (as
much as 60 mg/L/day). Although a distinct inversdationship between lipid
accumulation and biomass productivity was obserdgdd productivity, which a
function of the two, was not constant throughoetghowth period. This is because lipid
productivity is influenced more by lipid yield thény biomass productivity. The greatest
lipid productivities were obtained during the eastgtionary phase and declined towards
the late stationary phase when lipid ceased tomglate. Hence, lipid productivity is
also influenced by the culture age. It is of greaportance to select the appropriate

instant for algal harvesting which correspond$erhaximal lipid productivity.
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5.5 SUPPORTING INFORMATION

Figure S1: Light microscopy images odfsochrysis galbandJ4 cells showing(A): pyrenoid
located in the plastid an@B): pyrenoid measurement using Zeiss AxioVision micopsc

software
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CHAPTER SIX

The Effect of Nitrogen Source on Growth, BiochemidaComposition and

Ultrastructure of Isochrysis galbana U4
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6.1 INTRODUCTION

Healthy microalgal cells consist primarily of camhooxygen, nitrogen and hydrogen
(South and Whittick, 1987). Of these elementdh@arconstitutes approximately half the
dry cell weight and nitrogen accounts for about-twelfth of healthy algal dry weight.

Oxygen and hydrogen make up majority of the renexinaf the algal cell but these
elements are easily accessible from water (Syd€988). Thus, algal growth is

determined mostly by the availability of nitrogendacarbon. Alterations of these
elements in the growth environment induce changethé chemical composition of
microalgal cells. One such alteration is the sewfnitrogen in the growth medium (Xu
et al, 2001).

Numerous forms of nitrogen are available in theirs@tenvironment, both inorganic and
organic. The dominant sources of inorganic nitrogeelude nitrogen gas, ammonium,
nitrate and nitrite and of organic nitrogen includesa, glutamine and amino acids
(Syrett, 1988; Levassewt al., 1993). Nitrogen gas is readily reduced to ammdayia
some prokaryotes in a process referred to as eirdixation. However, eukaryotic
algae are incapable of fixing atmospheric nitrogéfhey require fixed nitrogen (e.g.
nitrate or ammonium) which they convert to orgamicogen in a process referred to as
nitrogen assimilation (Barsanti and Gualtieri, 1p9@Regardless of the fixed nitrogen
source, a conversion to ammonium is required pr@omitrogen incorporation into
cellular organic compounds (Figure 6.1; South arfutgk, 1987).

When microalgal cells are cultured in medium cantey nitrate, urea and ammonium
the preferred nitrogen source is ammonium follolwgditrate and then urea (South and
Whittick, 1987; Syrett, 1988; Levasseet al, 1990). This observation has been
attributed to the much more reduced state of amumomn comparison to nitrate. Urea
and ammonium have a similar reduction state theiptbference of ammonium over urea
may not be attributed to this factor (Levasseual, 1993). The assimilation of urea
requires energy that is not required with the digessimilation of ammonium which is

probably why ammonium is preferred over urea.
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Nitrate reduction to ammonium occurs in a two-gisgcess and requires the presence of
two enzymes namely, nitrate reductase and niteteictase. Nitrate reductase utilizes
NADPH for the catalysis of nitrate (NQto nitrite (NQ) via a double electron transfer:
NOs + 26 + 2H — NO; + H0
Nitrite is reduced to ammonium (NH in a six-electron transfer reaction that is oatatl
by nitrite reductase with the aid of ferrodoxin:
NO, + 6€ + 8H — NH;" + 2HO0
Thus eight electrons are required for the reduatibnitrate to ammonium (Figure 6.1;
Barsanti and Gualtieri, 1996). This representsbtthe amount of electrons required
for the reduction of carbon dioxide to carbohydsatemphasizing the high energy

requirement for nitrate assimilation (South and tutk, 1987).

Like nitrate and nitrite, urea (CO(N}H,) also needs to be converted to ammonium prior
to assimilation. This process is catalyzed byetheyme urease (Figure 6.1; Syrett, 1988;
Levasseuet al, 1993):

CO(NHy), + H,O + 2H — CO; + 2NH,"
Urea reduction results in the production of two aaniam molecules.
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The production of amino acids from ammonium is iedrrout with the aid of two
enzymes namely, glutamine synthetase (GS) and ngiwa 2-oxoglutarate
aminotransferase (GOGAT) (Figure 6.1 and Figurg. 6 Glutamate is required as the
substrate for ammonium assimilation into glutamiyeGS and the energy fueling the
reaction is obtained from ATP (Figure 6.2). Twol@ooles of glutamate are then formed
due to the transfer of the amino nitrogen of gluteeto a-ketoglutaric acid by GOGAT
(Figure 6.2). One glutamate molecule is recyclacklinto the cycle whilst the other is
mobilized to the cytosol. The cytosolic glutamestehe principal amino donor to other
amino acids via. transamination reactions (Figare South and Whittick, 1987;
Barsanti and Gualteri, 1996).
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The choice of the nitrogen source to be used inntlass culture of microalgae has
implications on the overall cost of the culture ggss. The use of a cheaper nitrogen
source would be beneficial in terms of cost redungibut also needs to promote elevated

levels of growth and lipid production capabilitieShis study is aimed at selecting a cost

effective nitrogen source for the mass culture loé ksochrysis galbanaU4 and

determining the effect of nitrogen source (nitraasymonium or urea) on the growth,
biochemical composition (pigmentation, lipid andbchydrate yield) and ultrastructure
of the alga. The broad spectrum of nitrogen caingisalts tested in the study enabled a
clear comparison of treatments. The elevated gnerguirement for the reduction of
nitrate was taken into consideration when analy$ivegdata obtained and a comparison

between the responses to organic (urea) vs. inmrdaitrate and ammonium) nitrogen

sources was conducted.
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6.2 MATERIALS & METHODS

6.2.1 Experimental setup

Growth experiments were conducted in 1 L modifiedated Schott® bottles (Section
2.3). The bottles and glass tops, equipped wighgts inlet and outlet, were thoroughly
cleaned and autoclaved (12@ for 30 minutes) prior to use. Seawater wasrétleand
autoclaved (Section 2.1) prior to use. All vessedse sparged with filtered (Whatman®
uniflo 0.2 um) air and incubated at approximateédy*@ and under a photon flux density
of 110 umol photons.if.s' with a 10:14 light-dark cycle. The position-depantd
influence of the light source on each culture viegses minimized by the daily random
relocation of each of them. Each nitrogen treatmes conducted in quadruplicate.

Seven nitrogen treatments were tested. Thesededlsodium nitrate, potassium nitrate,
ammonium nitrate, urea, ammonium sulphate, ammonadimoride and ammonium
bicarbonate. All treatments experienced the sana fitrogen concentration as that in
f/2 medium (Guillard and Ryther, 1962).

6.2.2 Analytical methods

The cell concentration, lipid and carbohydrate enohtvere determined as described in
Sections 2.5, 2.7 and 2.14.1 respectively. Thalialky of the medium was recorded
using a pH meter (Precisa pH900). The chloroptmtitent and the ratio of carotenoids
to chlorophyll were determined as discussed ini@e@.15. Intracellular nitrogen and
phosphorous was extracted from the algal cellsqaraahtified using colorimetric measure
as previously described (Sections 2.14.2 and 2.i&sPectively). The salicylic acid
method was used to determine the amount of ni(2a¢aldo, 1974; Section 2.13.1) and
the Idophenol Blue method (Scheiner, 1976; Seidi.2) was used to determine the
amount of ammonium in the culture medium. Ammoniand nitrate controls were
setup. These controls were maintained under thelitons described previously
(Section 6.2.1) and only differed from the expemtsein that they were not inoculated
with algal cells. The pH, ammonium and nitrateelswere monitored in the control

treatments.
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6.2.3 Ultrastructural analysis and cellular measureents

Exponential and stationary phase cells were emiggdskctioned and viewed using a
transmission electron microscope (FEI Spirit) atagnelerating voltage of 120 kV, as
described in Section 2.12.1. Embedded cells, petizad under a coverslip on
microscope slides, were viewed with a Zeiss Axidgdight microscope with Nomarski
optics at 400 times magnification. Zeiss AxioVisimicroscopy software was used for
cell measurements. Each value shown is an averfafifey cell measurements for each
treatment.

6.2.4 Statistical analysis
The software SPSS 20 (Statistical Program for $&meences 20) was used to perform

statistical analyses as mentioned in Section 2.17.

6.3 RESULTS

6.3.1 Growth and carbon storage

Isochrysis galban&J4 was capable of growing 2 medium supplemented with all the
different nitrogen sources used in the study (Fegér3) and none had a significantly
different effect on the exponential growth ratesachrysisrelative to the others (Table
6.1). The post-exponential growth rates varied iBagantly between the nitrate,
ammonium and urea treatments (Table 6.2). Culgm@sn with sodium nitrate resulted
in the greatest rate of post-exponential growth #gredhighest final cell concentration.
Potassium nitrate and urea grown cultures demdadtsamilar post-exponential growth
rates and final cell yields. Ammonium chloride amdmonium sulphate also showed a
similar trend in post exponential growth howevegr fimal cell yield in these treatments
were significantly lower than that obtained in theea and nitrate treatments. The
ammonium bicarbonate treatment resulted in the doeal cell yield and the final cell
yield in the ammonium nitrate treatment lies exabitween that obtained in the other

nitrate and ammonium treatments (Table 6.2; Figuse
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Table 6.1: Rates ofl. galbanagrowth (Day 2 — 7), their regression coefficieatsl the

significant differences between the growth rateth@various treatments as indicated.

Treatment Rate (Cells.ul*/day) Regression Significant differences
coefficient
Urea 0.2960 + 0.0061 0.9617 A
Potassium nitrate 0.2995 + 0.0037 0.9669 A
Sodium nitrate 0.3087 +0.0119 0.9724 A
Ammonium nitrate 0.2938 + 0.0084 0.9722 A
Ammonium sulphate 0.3093 + 0.0025 0.9809 A
Ammonium bicarbonate 0.2912 + 0.0089 0.9632 A
Ammonium chloride 0.3056 + 0.0021 0.9484 A

* Rates with the same letters are not significadifferent (P > 0.05)
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Table 6.2: Rates ofl. galbanagrowth (Day 7-14), their regression coefficientsl dhe
significant differences between the growth ratethevarious treatments as indicated.

Treatment Rate (Cells.u™/day) Regressior Significant differences
coefficient

Urea 0.1363 £ 0.0007 0.8661 AB

Potassium nitrate 0.1368 + 0.0020 0.8868 AB

Sodium nitrate 0.1378 £ 0.0001 0.8984 A

Ammonium nitrate 0.1331 + 0.0005 0.7191 B

Ammonium sulphate 0.1278 +0.0017 0.2880 C

Ammonium bicarbonate 0.1282 + 0.0007 0.3390 C

Ammonium chloride 0.1282 + 0.0007 0.3366 C

* Rates with the same letters are not significadifferent (P > 0.05)

The nitrogen source had a significant effect on ées of lipid accumulation ih
.galbana(Table 6.3). Nitrate grown exponential cells desteated a greater lipid yield
than cells grown in ammonium supplemented medittawever, as the cultures aged, a
rapid increase in the lipid content of ammoniumvgrocells became evident (in
comparison to nitrate grown cells; Figure 6.4). d&y 14, the lipid accumulated per cell
in cultures grown in ammonium-containing medium waggproximately double that
observed in the nitrate treatments (Figure 6.4¢llsCgrown in medium supplemented
with urea also displayed an elevated lipid yieldcaomparison to the nitrate treatments

(Figure 6.4; day 10 onwards).
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Table 6.3: Rates ofl. galbana lipid accumulation (Day 8-14), their regression

coefficients and the significant differences betw#®e rates in the various treatments as

indicated.

Treatment Rate (%w.w/day) Regression Significant differences
coefficient

Urea 0.2153 £ 0.0042 0.9966 A B

Potassium nitrate 0.1961 + 0.0050 0.9383 A

Sodium nitrate 0.1978 + 0.0074 0.9233 A

Ammonium nitrate 0.2420 + 0.0081 0.9781 B C

Ammonium sulphate 0.2539 +0.0074 0.9966 C

Ammonium bicarbonate 0.2505 + 0.0030 0.9962 B C

Ammonium chloride 0.2499 + 0.0003 0.9850 B C

* Rates with the same letters are not significadifferent (P > 0.005)

In all nitrogen treatments, the carbohydrate cdnpen cell decreased during exponential
growth and increased again only as the stationaage approached (cf. Figures 6.3 and
6.5). No apparent variations in the trends of tlaious groups of treatments
(ammonium, nitrate and urea) were significant (€abl4 and 6.5). However, the
carbohydrate content per cell in cultures exposedhe ammonium treatments far
exceeded that prevalent in cells exposed to eititeate or urea treatments. The trend in
carbohydrate accumulation mirrored that of lipig¢wulation with two exceptions i.e.
carbohydrate accumulation was initiated prior fdliaccumulation (like in Liet al,
2011 and Msannet al 2012) and the late stationary phase carbohydieatds in most
treatments started to drop whereas the lipid legefginued to increase (cf. Figures 6.4
and 6.5).
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Table 6.4: Rates ofl. galbanacarbohydrate accumulation (Day 2-6), their regogss

coefficients and the significant differences betw#®e rates in the various treatments as

indicated.

Treatment Rate Regression Significant differences
([Carbohydrate]/day) coefficient

Urea 0.1722 £0.0110 0.9250 A B

Potassium nitrate 0.1765 + 0.0021 0.8449 A B

Sodium nitrate 0.1538 + 0.0094 0.9293 A

Ammonium nitrate 0.1488 + 0.0030 0.9993 A

Ammonium sulphate 0.1528 + 0.0121 0.9165 A

Ammonium bicarbonate 0.1903 + 0.0025 0.9916 A B

Ammonium chloride 0.2025 + 0.0037 0.8113 B

* Rates with the same letters are not significadifferent (P > 0.005)

Table 6.5: Rates ofl. galbanacarbohydrate accumulation (Day 6-14), their regjoes

coefficients and the significant differences betw#®e rates in the various treatments as

indicated.

Treatment Rate Regressior Significant differences
([Carbohydrate]/day) coefficient

Urea 0.1645 + 0.0073 0.9743 A

Potassium nitrate 0.1501 + 0.0073 0.8148 A

Sodium nitrate 0.1600 + 0.0011 0.4905 A

Ammonium nitrate 0.1590 + 0.0157 0.2613 A

Ammonium sulphate 0.2075+£0.0171 0.8261 B

Ammonium bicarbonate 0.1575 £ 0.0059 0.4072 A

Ammonium chloride 0.1558 + 0.0063 0.8419 A

* Rates with the same letters are not significadifferent (P > 0.005)

6.3.2 Variation in medium pH, ammonium and nitratelevels

No significant differences in the rate of pH in@eabetween all nitrogen treatments
during the early exponential phase (Table 6.6; le@dl6) were found. The pH levels in
all treatments reached a peak at around day 8 r@-gu6). The subsequent rate of pH
decrease differed between the ammonium, nitrateuaed treatments (Table 6.7). A

rapid decrease in the pH was evident in the ammotieatments whereas a more subtle
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decrease was noted in the nitrate treatments apthi@vely stable pH was observed in
the urea treatment (Figure 6.6). The rate of pldrelse in the ammonium nitrate
treatment fell midway between that observed in dhemonium and nitrate treatments
(Figure 6.6).

Table 6.6:Rates ofl. galbanapH change (Day 0-6), their regression coefficiamd the

significant differences between the rates in thewua treatments as indicated.

Treatment Rate (pH change/day) Regression Significant differences
coefficient
Urea 0.1706 + 0.0006 0.9709 A
Potassium nitrate 0.1709 + 0.0004 0.9594 A
Sodium nitrate 0.1700 + 0.0004 0.8885 A
Ammonium nitrate 0.1705 + 0.0007 0.9366 A
Ammonium sulphate 0.1697 + 0.0006 0.7364 A
Ammonium bicarbonate 0.1705 £ 0.0001 0.9889 A
Ammonium chloride 0.1703 + 0.0006 0.8945 A

* Rates with the same letters are not significadifferent (P > 0.05)

Table 6.7: Rates ofl. galbanapH change (Day 8-14), their regression coeffidesntd

the significant differences between the rates énvrious treatments as indicated.

Treatment Rate (pH change/day) Regression Significant differences
coefficient

Urea 0.1660 + 0.0009 0.5658 A B

Potassium nitrate 0.1662 + 0.0001 0.5502 A

Sodium nitrate 0.1665 + 0.0001 0.2013 A

Ammonium nitrate 0.1658 + 0.0006 0.3657 A B

Ammonium sulphate 0.1634 + 0.0003 0.9270 B

Ammonium bicarbonate 0.1656 + 0.0001 0.6164 A B

Ammonium chloride 0.1644 +0.0014 0.6075 A B

* Rates with the same letters are not significadifferent (P > 0.05)
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The levels of both ammonium and nitrate in theweltmedium decreased rapidly in all
algal cultures irrespective of the salt used, Ipatnanium was depleted much earlier than
nitrate was (Figures 6.7a and b; ammonium deplgtéay 8 and nitrate deplete by day
10). Similarly, in the ammonium nitrate treatmetite medium was stripped of
ammonium before the nitrate reserves began to fa@lbntrols of the various media
containing ammonium salts but lacking cells shoaedecrease in ammonium-nitrogen
levels with time whereas the N levels in those wnitrate salts remained relatively
constant throughout the duration of the experiniEigures 6.7a and b). The pH of the
experimental cultures fluctuated during the cowkéhe experiment (Figure 6.6) but in
the controls it remained relatively constant, acbypH 8.3, for the duration of the

experiment (Figure 6.8).
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Figure 6.7 (A) The decrease in ammoniumaNd(B): nitrate-Nin the medium of cultures with
various nitrogen sources inoculated witgalbanaand control cultures lacking cells. Error bars

represent standard deviation (n=4).
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Figure 6.8 The pH of control cultures (lacking cells) sugpkented with various nitrogen

sources as indicated. Error bars represent sthdaiation (n=4).

6.3.3 Algal pigmentation

The chlorophyll content in the cells subjected ny af the nitrogen salts was found to
increase, stabilize and then decrease with timbe ificrease and stabilization of the
chlorophyll content coincided with the exponenpifilase of growth while the decrease
commenced with the advent of the stationary phefsd-igures 6.3 and 6.9). The rate of
chlorophyll accumulation was initially significagtgreater in the ammonium treatments
(with the exception of ammonium chloride) thanhe hitrate and urea treatments (Table
6.8). A rapid decline in the chlorophyll contentthe ammonium treatments was found
after day 6, but in the nitrate treatments it contid to rise until day 8, after which the
decline was more gradual (Figure 6.9; Table 6.9).
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Table 6.8: Rates ofl. galbana chlorophyll synthesis (Day 2-6), their regression
coefficients and the significant differences betw#®e rates in the various treatments as

indicated.

Treatment Rate Regression Significant differences
([Chlorophyll)/day) coefficient

Urea 0.1146 £ 0.0094 0.9838 A

Potassium nitrate 0.1439 +0.0123 0.9940 A B

Sodium nitrate 0.1764 + 0.0144 0.7761 B C

Ammonium nitrate 0.1993 + 0.0228 0.2640 CD

Ammonium sulphate 0.2456 + 0.0020 0.0018 D

Ammonium bicarbonate 0.2451 + 0.0061 0.0017 D

Ammonium chloride 0.1460 + 0.0134 0.9124 A B

* Rates with the same letters are not significadifferent (P > 0.05)

Table 6.9: Rates ofl. galbana chlorophyll synthesis (Day 8-14), their regression

coefficients and the significant differences betw#®e rates in the various treatments as

indicated.

Treatment Rate Regressior Significant differences
([Chlorophyll}/day) coefficient

Urea 1.6619 + 0.0612 0.9359 A

Potassium nitrate 0.5608 + 0.0743 0.9130

Sodium nitrate 0.6333 +£0.0724 0.9584 B

Ammonium nitrate 0.2232 +0.0122 0.7602 C

Ammonium sulphate 0.7575 £ 0.0241 0.9732 D

Ammonium bicarbonate 0.4026 £+ 0.0047 0.9657 C

Ammonium chloride 0.8482 +0.1206 0.9953 D

* Rates with the same letters are not significadifferent (P > 0.05)

The carotenoid to chlorophyll ratio remained refaly constant, irrespective of the
treatment, up to day 6 of culture, when it increa@&gure 6.10). The rate of increase
was significantly higher in the ammonium treatmehtsn that observed in the nitrate and

urea treatments (Table 6.10).
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Table 6.10: Rates of change in car:chl ratio (day 4-14)l.irgalbana cultures, their
regression coefficients and the significant diffexes between the rates in the various

treatments as indicated.

Treatment Rate (Car:Chl/day) Regression Significant differences
coefficient

Urea 0.2349 £ 0.0006 0.7130 A

Potassium nitrate 0.1886 + 0.0046 0.8714 A

Sodium nitrate 0.2308 + 0.0072 0.9610 A

Ammonium nitrate 0.2448 +0.0077 0.8832 A

Ammonium sulphate 0.4300 + 0.0165 0.9904 B

Ammonium bicarbonate 0.4479 +0.0791 0.9560

Ammonium chloride 0.4244 +0.0704 0.9292 B

* Rates with the same letters are not significadifferent (P > 0.05)

6.3.4 Intracellular fluctuations in nitrogen, phosghorous and the nitrogen to
phosphorous ratio

The initial intracellular nitrogen and phosphordesels in all treatments were relatively
high (Figure 6.11 and Figure 6.12). The rate tfacellular nitrogen depletion was not
significantly different between any of the treatitse(Table 6.11) with the exception of
the ammonium bicarbonate treatment where the iglttdar nitrogen was reduced to
below measurable levels much earlier than in theerotreatments. Interestingly, the
ammonium bicarbonate treatment also experienceshdy onset of the stationary phase
and produced the lowest cell yield relative to atler treatments (Figure 6.3). The
ammonium bicarbonate treatment also showed areeantiset of carbon storage in the
form of both carbohydrates and lipid and a maxifiral lipid yield (Figure 6.4 and
Figure 6.5).

The rates of intracellular phosphorous depletiomlirtreatments were not significantly
different (Table 6.12). The intracellular phospis levels were less spectacular in their
demise than the nitrogen levels (cf. Figures 6.4d 6.12), a trend also observed by
Ahigren and Hyenstrand (2003). Interestingly, sedubjected to the ammonium

bicarbonate treatment showed the greatest residwratellular phosphorous content at
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the end of the growth period (Figure 6.12) wheitbay displayed the least intracellular

nitrogen levels (Figure 6.11).
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Figure 6.11 The intracellular nitrogen content bfgalbanacultured inf/2 medium supplemented with various nitrogen

sources. Error bars represent standard deviatrof) (
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Table 6.11: Rates of intracellular nitrogen depletion in galbana cultures, their
regression coefficients and the significant diffexres between the rates in the various

treatments as indicated.

Treatment Rate ([Nitrogen]/day) Regression Significant differences
coefficient

Urea 0.0270 £ 0.0045 0.9858 A

Potassium nitrate 0.0363 + 0.0054 0.9879 A

Sodium nitrate 0.0402 + 0.0049 0.9773 A

Ammonium nitrate 0.0237 £ 0.0116 0.9752 A

Ammonium sulphate -0.0124 £ 0.0078 0.9761 A

Ammonium bicarbonate -0.0995 + 0.0403 0.9297 B

Ammonium chloride 0.0112 +0.0083 0.9823 A

* Rates with the same letters are not significadifferent (P > 0.05)

Table 6.12: Rates of intracellular phosphorus depletionl.irgalbana cultures, their
regression coefficients and the significant differes between the rates in the various

treatments as indicated.

Treatment Rate Regressior Significant differences

([Phosphorous]/day) coefficient

Urea 0.2795 + 0.0525 0.9759 A
Potassium nitrate 0.2345 + 0.0062 0.9107 A
Sodium nitrate 0.2437 +£0.0173 0.9506 A
Ammonium nitrate 0.2640 + 0.0363 0.9006 A
Ammonium sulphate 0.2615 + 0.0369 0.8760 A
Ammonium bicarbonate 0.2960 £ 0.0122 0.9467 A
Ammonium chloride 0.2021 + 0.0025 0.9689 A

* Rates with the same letters are not significadifferent (P > 0.05)

The ratio of intracellular nitrogen to phosphorausealthy cultures (day 2 — 4; Figure
6.13) was very close to the Redfield ratio (16 N?;1Redfield, 1934). As the cultures
aged a decrease in the ratio was evident in d@krtrents. The rate of this decrease
differed significantly between the nitrate, ureal @mmonium treatments (Table 6.13).
The nitrogen to phosphorous ratio was reduced readker in the ammonium treatments

than in the other treatments (Figure 6.13).
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Table 6.13: Rates of change of N:P ratio in galbana cultures, their regression

coefficients and the significant differences betw#®e rates in the various treatments as

indicated.

Treatment Rate (N:P/day) Regression Significant differences
coefficient

Urea 0.0855 + 0.0027 0.7784 A B

Potassium nitrate 0.0904 + 0.0031 0.6422 A B

Sodium nitrate 0.0935 + 0.0002 0.4827 B

Ammonium nitrate 0.0840 + 0.0016 0.7706 A

Ammonium sulphate 0.0441 +0.0030 0.9821 C

Ammonium bicarbonate 0.1234 +0.0013 0.8913 D

Ammonium chloride 0.0614 + 0.0006 0.9466 E

* Rates with the same letters are not significadifferent (P > 0.05)

6.3.5 Cellular and sub-cellular analysis

Stationary phase, ammonium grown cells were latigen stationary phase nitrate and
urea grown cells (Figure 6.14). There was no digur ultrastructural difference
between the exponentiél galbanacells in the various nitrogen treatments, but alose
observation showed that the organization of thetgldamellae differed in the various
treatments. All plastids have the typical groupifighree thylakoids as expected for this
class of algae, but those cells exposed to ammorsalts had multiple thylakoid
stacking, whilst those exposed to nitrate saltairea had fewer, more widely-spaced

thylakoids in their plastids (Figure 6.15).
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Figure 6.15 (A} Exponential phask galbanacells cultured irf/2 medium supplemented with
ammonium,(C): urea andE): nitrate. Photomicrographs on the rigBt D and F) represent
magnified views of the plastids of the respectimage on the left. White scale bars represent 1
um and black scale bars represent 0.5 pm.

126



6.4 DISCUSSION

The recovery of similar growth rates lofgalbanawhen supplied with different forms of
nitrogen is not novel amongst the algae (Carpegitat., 1972; Thompsoret al, 1989;
Flynn et al, 1993; Levasseust al, 1993; Lourenceet al, 1997; Fidalgcet al, 1998;
Liang et al, 2006). This is, however, counter-intuitive €natrate reduction, which is
required prior to N incorporation into biologicalfacules, requires an elevated energy
cost relative to direct ammonium assimilation ahdst reduced growth rates were
expected in cultures fed nitrate-nitrogen. Simgeswth rates in all nitrogen treatments
indicate that the cells somehow acclimate to th@gén source.

A closer analysis of the growth curve showed thmamanium did stimulate a slightly
elevated initial cell yield albeit not significaptso. This observation together with the
observed increase in thylakoid development andnitial elevated chlorophyll levels in
the exponential phase of ammonium-growngalbana cells supports the notion of
ammonium as the preferred nitrogen source, reldtivaitrate and urea. Alterations in
the plastid structure in response to the nitrogairce has not been reported before for
any microalga but has been followed in higher gastich as wheat (Golvare al,
1982). The correlation between enzymatic tests @t@structural analysis in that
particular study led to the deduction that the wpast membrane system,
photosynthetic ability and chloroplast developmisnaccelerated by ammonium rather
than nitrate (Golvanet al, 1982) similar to the observations noted in thespnt study.
Such a variation il. galbanaplastids contributes to the proposal that the @arénd
nitrogen balance regulates the development of theraplast (Harris and Kirk, 1969).
The uptake of ammonium prior to nitrate in ammoniumitrate grown cultures in

Isochrysisverifies that ammonium is indeed the preferred@®of nitrogen.

From the reasoning above, it is expected that amumesupplemented medium should
result in an equal or even greater final biomagddgi than nitrate- and urea-grown
cultures, since ammonium is the preferred nitrogearce and accelerated initial algal

growth, chlorophyll accumulation and chloroplasvelepment. However, the final cell
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yield in nitrate- and urea-grown cultures were gigantly greater than that observed in
ammonium treatments. Such observations have beéed by other investigators
working with various microalgal species (Costaal, 2001; Xuet al, 2001; Dayananda
et al, 2006; Lianget al, 2006; Arumuganet al, 2013). Such an anomaly may be due to
the rapid uptake and storage of such nitrogenoesieq whereas rapid luxury storage of
ammonium-nitrogen would be toxic (Goldmah al, 1982). In addition, ammonium-
nitrogen was depleted before nitrate-nitrogen, assalt of both cellular uptake and the
volatilization of ammonium-nitrogen (incurred byetimcrease in the pH of the culture
medium). The loss through volatilization was cborated by cell-free controls. As a
result ammonium-fed cultures enter the stationd&gsp much earlier and result in much

reduced final cell yields.

The stationary phase is indicative of some stresthe algal cells e.g. limited nutrients,
carbon dioxide or light and is associated withghéch over to lipid synthesis to reduce
the build up of carbon, oxygen, nitrogen, electrand free radicals from photosynthesis,
the latter of which would prove toxic to the celldence, the early lipid accumulation in
the ammonium treatment observed in the preseny shay actually be in response to the
physiological state of the cells rather than theogen source used. The elevated lipid
yield in the early stationary phase of urea-fedscedlative to that of nitrate-fed cells, is
desirable for biofeed plant managers because uicesdthe time required to reach harvest

and costs less because urea is a cheaper sourtegeén.

Lipids are not the only energy reserve in microalg€arbohydrates also serve as carbon
and energy sinks (Lacowt al, 2012a, b). The relationship between varyingmgno
conditions and carbohydrate and lipid accumulati@s been highlighted previously
(Roessler, 1990). An elevated carbohydrate andl hjeld observed in nitrogen
treatments that result in reduced eventual cell barm observed in this study is in
accordance with the results of Flyahal, (1992) and Lourencet al (2002) when also
working withIsochrysis This is not unexpected since arrest of growtssociated with
the accumulation of storage products (stress responThe initiation of carbohydrate

accumulation prior to lipid accumulation verifielsat carbohydrates are the primary
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storage product and lipids are the secondary stgpagducts insochrysis galbanaJ4

like in numerous other algal species (Klass, 2Q04t al, 2011). The decrease in the
carbohydrate content with the concomitant increaghe lipid content implies that the
carbohydrates are converted to lipids, via thegenphosphate pathway, when the cells
become highly nutrient stressed (Fexiaal, 2011; Liet al, 2011; Lacouet al, 2012a;

Li et al, 2012).

The initial increase in pH in the medium of allat@ents was expected since rapidly
growing cells require large amounts of carbon diexi Carbon fixation in turn results in
the alkalization of the culture medium (Clark, 1R99The pH of the culture medium
plays an important role in the growth of microalgaece different organisms thrive at
various pH levels (pH optima). Furthermore, pHiatwns result in numerous abiotic
phenomena e.g. pH levels that exceed 9.5 resulkeiproduction of various precipitates
such as calcium carbonate, magnesium hydroxidecalwim phosphate (Sukenik and
Shelef, 1984). This would be detrimental in tportant nutrients such as phosphorus
would no longer be available for algal growth (Kasakiet al, 1981). Elevated values
of culture pH (over 8) may also result in the casian of ammonium-nitrogen to
ammonia-nitrogen and its subsequent volatilizatrothis form resulting in the loss of
nitrogen to the atmosphere (Bouldihal, 1974). The pH of all cultures rose above pH
8, as expected since seawater is always over & BH Because seawater contains a high
concentration of salts it is also well-bufferedende, seawater is not an ideal medium in
which to attempt ammonium as a nitrogen sourceesammonia-nitrogen volatilization
in this medium is inevitable as was observed indtugly. This supports the previous
assumption that the reduced final algal yieldshim ammonium treatments were due to

ammonia volatilization.

A nitrogen source-dependent rate of pH decreaseolasrved after pH peaks were
reached since medium pH is primarily influencedthg inorganic ions of carbon and
nitrogen in culture (Goldmaet al, 1982). CQ@ dissolves in seawater resulting in the
production of carbonic acid g80;) and hydrated CO The hydroxylation of hydrated

CO; and dissociation of ¥£Os results in the production of the bicarbonate o€ ()
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(Raven, 2011). The photoassimilation of carbonrigroalgae occurs according to the
following reaction: HC@ - CO, + OH. This results in an increase in the culture pH.
Hence, the observed, initial pH elevation of thiure medium in all nitrogen treatments

when maximal photosynthesis was occurring in hgaltbal cells.

The subsequent variations in the pH in the vartoegtments may be attributed to the
nitrogen source used. Nitrate uptake and assionlahduces a pH increase due to the
following reaction: N@ - organic N + OH Conversely, the uptake and assimilation
of ammonium results in a decrease in the pH duthéofollowing reaction: Nif >
organic N + H. Urea uptake, in contrast, has no effect on tii® pH since urea is an
uncharged chemical species (Goldnedral, 1982). Variations in pH values as a result
of the source of nitrogen used only became clearigent towards the end of the culture
period. This is due to the effects of carbon uptgdte increase) initially overshadowing
the effects of nitrogen uptake and assimilation {petease in nitrate, pH decrease in
ammonium and constant pH in urea) since the healti/ cell is primarily composed of
carbon (ratio of carbon to nitrogen of healthy €&l 5:1 when the rate of photosynthesis

is elevated and the cells are not under any stress)

The observed decrease in the chlorophyll levelseits that were ammonium-fed when
they rise in nitrate- and urea-fed cells is coesiswith observations of Lourene al
(2002). They also observed that elevated chlorbpdwels are evident in treatments that
produce greater final cell yields (i.e. nitrateagrocells; Lourenccet al, 2002). This
could be a consequence of the lower levels of gnoin the ammonium treatments due
to volatilization, which in turn reduces the chlphyll levels at an earlier stage of

experimentation.

An increase in the carotenoid to chlorophyll raiso generally associated with the

stationary phase irlsochrysis galbanaU4, when the cells are exposed to some
environmental stress that inhibits further gron@hépter 5). This increase may come
about because of an increase in the net producfi@arotenoids, or a decrease in the

chlorophyll content, or a combination of the twdogideet al, 1991). The rapid increase
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in the carotenoid to chlorophyll ratio in the amnuwn treatments verifies that the cells
were experiencing some sort of environmental stiaghis case nitrogen depletion. The
slightly elevated carotenoid to chlorophyll ratiodells exposed to urea relative to that in
those exposed to nitrate is a consequence of fhe dacrease in the chlorophyll content
in the urea-grown cells or it may be due to theaase in the production of carotenoids
in the urea treatment as observed by Abaldad. (1991).

The initial elevated levels of intracellular nitemgand phosphorus is indicative of luxury
nutrient uptake since these nutrient levels onlyreiesed as the cells aged (Spikes in the
intracellular nitrogen and phosphorous levels, rasvth proceeded, would have implied
gradual nutrient uptake initiated by intracellutautrient depletion). The highest level of
lipid and carbohydrate storage induced by ammorbigarbonate (in comparison to all
other treatments) is expected since severely midiimmited cells (intracellular nitrogen
was deplete earlier than in all other treatmertt®lescarbon to be used for growth upon
the return of optimal conditions. The effect otdibonate on algae has been reported
elsewhere where it was shown to inhibit growth amlce lipid synthesis (Gardnet

al., 2012).

A decrease in the nitrogen to phosphorus ratio(€dl6) was observed in all treatments
and is indicative of nitrogen limitation (Redfield934), a situation which is further
corroborated by the rapid decline in intracellufatrogen, but a concomitant more
gradual decline in intracellular phosphorous. Titeogen to phosphorous ratio was
reduced much earlier in the ammonium treatments ithdhe other treatments implying
that the ammonium grown cells were nitrogen stiekssech earlier. This early onset of
nitrogen stress triggered the early cessation df gewth and the early onset of
carbohydrate and lipid accumulation.

The presence of larger cells during the statior#rgse was expected and has been
reported elsewhere (Sayegh and Montagnes, 2011 €thed, 2012b). The increase in
the cell volume during the stationary phase isdative of nutrient stress (Fergg al,

2011). Cell division is arrested in stationary gdecells resulting in larger cells.
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Furthermore, multiple, large lipid bodies are ewidim the cells which contribute to the
cell size. Light intensity can also result in cges to cell size where the light level is
directly proportional to the cell size (Harriseh al, 1990). While light intensity was
maintained at a constant level throughout the oellperiod in this study, self-shading
becomes an issue when cultures become progressigeber. This is expected to result
in a decrease in cell size with culture age butagbpeosite was observed which concurs
with the deductions of Sciandra and colleagues {L9Bat nitrogen limitation takes
precedence over light limitation in cell volume uégion.

Greater cell volumes in cells that are ammoniumréddtive to those that are nitrate-fed
were reported elsewhere (Paasche, 1971; Giord@3@, Lourenccet al, 2002) without
explanation for the increase in cell size. In fitesent study, the early onset of the
stationary phase in cultures of the ammonium treatmrelative to those of the other
nitrogen treatments resulted in an elevated cele swhich probably reflects their
nitrogen-deprived status. Nitrogen deprivatiorexpected to have a suite of cascade
events, such as compromising membrane proteinstrardfore making such stressed
cells more susceptible to damage and thus morméatcto appear bloated upon fixation
(Flynnet al, 1993).

6.5 CONCLUSION

A comparison of the array of nitrogen containindtssaested showed that all salts
containing the same source of nitrogen (ammoniumitcate) resulted in similar growth
observations inl. galbanaU4. Sodium nitrate was most effective at optingzicell
yield, followed by urea and then potassium nitral@espite ammonium-nitrogen being
the most reduced form of inorganic nitrogen andetfoge expected to support the best
performance of the alga, cell yields in ammoniuch-6eiltures were significantly lower
than in cultures grown with any other source ofagén and this is attributed to
ammonia volatilization. Urea-fed cultures producedyreater initial lipid yield than
nitrate-fed cultures. This, coupled with the apibf urea-fed cultures to produce similar

cell yields as nitrate-fed cultures and the chegiee of urea relative to all the other
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nitrogen sources tested, leads to the conclusianuttea is the ideal nitrogen source for

the mass culture d$ochrysis galban&4.
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CHAPTER SEVEN

The Effect of Phosphorus Limitation and Starvationon | sochrysis galbana U4

134



7.1 INTRODUCTION

Phosphate (P£)is necessary for the formation of phospholiprs;leic acids and ester
phosphates such as phosphorylated sugars (SoutWlaittick, 1987). Furthermore, RO
plays an important role in the generation and faansation of metabolic energy in the
form of ATP and NADP (Stewart, 1974; EI-Sheek arady® 1994). Hence, RQs
essential for the growth and division of algal €ellThe most important inorganic form of
phosphate used by algae is orthophosphate phosphdfowever, many algal species
have the ability to utilize polyphosphates and nrggphosphates. The hydrolysis of
organic phosphates is initiated by plasmalemmatéocagphosphatases. In many
instances, PQlimitation promotes the production of these alkalphosphatases (South
and Whittick, 1987).

Intracellular PQ levels fluctuate considerably in response to évels of phosphorus (P)
in the medium i.e. PElimited versus PQreplete conditions (Stewart, 1974). As
previously stated, P uptake and consumption isiredjufor microalgal growth and
division (Miyachiet al, 1964). However, in most instances, the amoukt tatken up by
the cell far exceeds the need for immediate me@ljohctions. This results in the
accumulation of large quantities of storage,R®Othe cells indicating luxury uptake of
phosphate beyond the concentrations associatedtlv@thormal metabolic requirements
of the cells. The luxury uptake of P@ probably a strategy to ensure thats RO
available to the cell even when the ambient leaedslimited (EI-Sheek and Rady, 1994;
South and Whittick, 1987). For most algal spedieis excess Pis stored as
polyphosphate granules, but some species also istoie PQ, in vacuoles (South and
Whittick, 1987). The luxury uptake of R®@y algae is a well documented phenomenon
(Droop, 1873; Stevenson and Stoermer, 1982) arithst been postulated that stored
phosphate can additionally be utilized as a medrsgtooing energy. This is plausible
since polyphosphates possess energy rich P-O-Psb@tigure 7.1; Meyerhoét al,
1952; Stewart, 1974).
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Figure 7.1. Structural representation of polyphosphate (addipbed Stewart, 1974)

The Prequirements vary considerably between microalgacies, with the optimal P
concentration, for maximal biomass productivityngeg from 0.001 to 0.179 gl/liter
(Shelef and Soeder, 1980). Hence, studies nedoetaonducted to determine the
response of individual algal species to varyinglewf P. In comparison with nitrogen
studies, P studies are limited.

This study is aimed at determining the effect diihi#tation and starvation oh galbana
U4 cultures by monitoring growth, lipid accumulaticand pigmentation. Unlike
nitrogen, which is widely available, the supplypsfosphorus is limited (Hannast al,
2010). Hence, microalgae that have a low phospghdemand are preferred for the
successful commercialization of algal mass cultym®cesses e.g. for biodiesel
production. Furthermore, the use of low P demandsolates would also aid in the

reduction of the cost of the mass culturing prod¢essventual biodiesel production.
7.2 MATERIALS & METHODS

7.2.1 Experimental setup

The experiment was conducted in 1 L modified adr&ehott® bottles (Section 2.3).
Both the bottles and glass tops, equipped withgte inlet and outlet, were thoroughly
cleaned with Teepol orange® (P-free soap) and kawed (122C for 30 minutes) prior
to use. Twenty vessels containing 800 ml, filtemad autoclaved (Section 2.1), modified
f/2 medium each, were inoculated with cells from agheday-old culture of. galbana

(approximately 3x1Dcells/ml). The cells were healthy and in the eaial growth
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phase upon inoculation. All vessels were spargé fiiered (Whatman® uniflo 0.2um)
air and incubated at 23 +°€ under a photon flux density of 11@nol photons.r.s*
with a 10:14 light-dark cycle. The position-depandinfluence of the light source on

each culture vessel was minimized by the daily oamdelocation of each of them

Eight different P treatments were used (0%, 1%, 525%, 25%, 50%, 100% and 150%
phosphorus i.e. 0 ppm P, 0.01 ppm P, 0.05 ppm1R5GQpm P, 0.25 ppm P, 0.5 ppm P,
1 ppm P and 1.5 ppm P respectively). These weheessd by altering the sodium
dihydrogen orthophosphate dihydrate concentratidche medium (100% P is equivalent
to the total P irf/2 medium and represents the control treatment).h Pateatment was
conducted in quadruplicate. The treatments inrtdrege of 0.25 to 1.5 ppm P will
henceforth be referred to as the ‘higher P treatshand the treatments in the range of 0

to 0.125 ppm P will be referred to as ‘lower P tmeants’.

7.2.2 Analytical methods

The cell concentration and lipid content was deteech as outlined in Sections 2.5 and
2.7, respectively. The protocol in Section 2.13&&wsed to determine the concentration
soluble reactive phosphorus (SRP) in the miliele fitrate levels in the culture medium
(sole nitrogen source ifi2 medium, Guillard and Ryther, 1962) were also maoado
(Section 2.13.1) to verify that the growth cessati@s initiated by phosphorus starvation
and was not a function of nitrogen deficiency. Thdorophyll content and the ratio of
carotenoids to chlorophyll were determined as dised in Section 2.15. Statistical

analyses were conducted using SPSS 20 softwangtlaged in Section 2.17.
7.3 RESULTS & DISCUSSION

7.3.1 Nutrient uptake

The P in the milieu was completely consumed by&layall treatments (Figure 7.2), but
cell growth continued until day 14 in the highetrBatments (Figure 7.3). Since cell
growth is normally hindered in the absence of Ru{®@and Whittick, 1987) the observed

continuation of cell division in the absence ofezrtll P supplies could have been made
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possible by P supply from storage reserves withen dells. This supports the species
capacity for luxury P uptake and storage and itsssquent utilization of internal P
reserves to support cell growth for a period follogvthe depletion of external P in the

surrounding medium.

The rate of P uptake varied between the diffenesatinents (P < 0.05; Table 7.1). The P
uptake rates were directly proportional to the emti@ation of P in the medium (Table
7.1). This concentration driven P uptake is masbably a function of P saturation
when P concentrations are high since P uptake ectwve process. The dependence of
the rate of P uptake on the level of ambient Pdees previously noted, but the type of
polyphosphate that accumulated (acid-soluble vasigsinsoluble) varied in response to
the external P concentration (Powetlal, 2009). Acid-insoluble polyphosphate serves
as a form of P storage whereas acid-soluble pokete is used for immediate
metabolic purposes (DNA and protein synthesis, Btiyat al, 1964). At low P levels,
algal cells tend to accumulate acid-insoluble pbbgphate rather than the acid-soluble
polyphosphate and at high P concentrations bothdaf polyphosphate are accumulated
(Powellet al, 2009). Perhaps some trigger exists that pronfdtsrage (acid-insoluble
polyphosphate) when P levels are low.
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Figure 7.2 Phosphorous depletion from the milieu due taketbyl. galbanacells cultured in
f/2 medium supplemented with different starting P emi@ations. Error bars represent standard

deviation (n=4).

Table 7.1:Rates of phosphorus uptake by celld.ajalbang their gradients, regression

coefficients and the significant differences betw#®e rates in the various treatments as

indicated.

Treatment Rate (ppm P/day) Gradient Regression Significant
(y=Mx + ¢) coefficient differences

0.000 ppm P -0.0033 £ 0.0008 -0.0020 0.9231 A

0.010 ppm P -0.0056 + 0.0006 -0.0025 0.8596 A

0.050 ppm P -0.0149 + 0.0006 -0.0116 0.9682 B

0.125 ppm P -0.0355 + 0.0021 -0.0299 0.9936 C

0.250 ppm P -0.0678 + 0.0030 -0.0678 0.9949 D

0.500 ppm P -0.0838 £ 0.0021 -0.0886 0.9714 E

1.000 ppm P -0.1353 £ 0.0025 -0.1340 0.9687 F

1.500 ppm P -0.1816 + 0.0615 -0.1786 0.9293 G

®Rates with the same letters are not significaniffeidnt (P > 0.05).
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The initiation of the stationary phase on day 14lirthe higher P treatments shows that
this concentration range of P had no detrimentacebn the algal growth (Figure 7.3).
Hence, some other nutrient had become limiting dy 14 and triggered the initiation of
the stationary phase. The most likely limiting merit was nitrogen. Thus nitrogen
uptake was also monitored. Cellslofjalbanaalso displayed luxury uptake of nitrogen
(Figure 7.4), and all the nitrogen was strippednfithe medium by day 8 in the higher P
treatments (Figure 7.4). However, the timing odsagion of nitrogen uptake coincided
with the onset of cell growth cessation (day 4¢uttures lacking P (0 ppm, cf. Figures.
7.3 and 7.4). This is similar to the observatioraleby others (Xiet al, 2010; Fengpt

al., 2011). In the treatments that fall betweearséhtwo extremes (0.01 — 0.125 ppm P),
the relationship between the cessation of nitratake and the onset of the cessation of
cell growth was upheld (cf. Figures. 7.3 and 7.4) ahows that P was the limiting
nutrient.

9000 -

8000 -

—aA—O0ppmP
e --0.01lppm P
—0—0.05 ppm P
0.125 ppm P
—%—0.25 ppm P
—oe—0.5ppm P
---4---1ppmP

Cell Concentration (cells/ul)

0 2 4 6 8 10 12 14 16 18 20 22
Time (days)

Figure 7.3 Isochrysis galbanagrowth in f/2 medium supplemented with various P
concentrations. Error bars represent standarctiewi(n=4).
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Figure 7.4: Nitrate depletion from milieu due to uptake bygalbanacells cultured inf/2
medium supplemented with different starting P cotredions. Error bars represent standard

deviation (n=4).

Thus, nitrogen uptake was observed to be a fundfi¢havailability. It may therefore be
deduced that maintenance of cell growth requirdh higrogen and phosphorus and the
over-provision of one element has no impact on gndfwhe other is lacking. According
to the threshold model for nutrient deficiency,yoalsingle nutrient may be assumed to
be limiting at any given instant (Droop, 1974) asidce no variations were noted
between the cultures grown under higher P levelsialy be concluded that growth in

these treatments were eventually inhibited by Netem rather than P depletion.
Conversely, growth in the lower P treatments wake@d inhibited by P concentration

thus it is valid to examine responses of culturethis range of P to see what effect its

limitation has on lipid accumulation.
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7.3.2 Growth and lipid accumulation

Isochrysis galbanarew in all P treatments (Figure 7.3), but the @tgrowth varied
significantly in cultures supplemented with thehggand lower range of P (P < 0.005;
Table 7.2). All treatments of P at or in exces9.@5 ppm resulted in the same rate of
exponential growth (Table 7.2), proving that adufif of P beyond the quarter strength
level of the P concentration 2 medium (0.25 ppm P) have no further beneficia&ff
The similar growth rates and final cell yields atveel in the higher P treatments (Table
7.2; Figure 7.3) leads to the conclusion that tHevel in normalf/2 medium (1 ppm P)

was far in excess of the requirements for optimgalbanagrowth.

Table 7.2: Rates ofl. galbanagrowth (Day 4-14), their regression coefficientsl ahe
significant differences between the growth rateth@various treatments as indicated.

Treatment Rate (Cells.u™/day) Regressior Significant differences
coefficient

0.000 ppm P 0.1043 + 0.0008 0.9784 A

0.010 ppm P 0.1005 + 0.0094 0.9892 A

0.050 ppm P 0.1102 + 0.0003 0.9359 A

0.125 ppm P 0.1157 £ 0.0027 0.9758 A B

0.250 ppm P 0.1293 £ 0.0015 0.9551 B

0.500 ppm P 0.1269 £ 0.0016 0.9380 B

1.000 ppm P 0.1277 + 0.0008 0.9701 B

1.500 ppm P 0.1277 £ 0.0007 0.9550 B

®Rates with the same letters are not significariffei@nt (P > 0.005)

The cell concentration in cultures starved of Pgéh) and those supplemented with low
(0.01 ppm) levels of P initially increased veryghlly (until day 4; Figure 7.3), but
thereafter all growth ceased (Figure 7.3). Theahincrease in growth was probably due
to presence of intracellular R@eserves already present in cells of the inocullEaen
the low amount of P added to the culture in thet @Pm P treatment was sufficient to
promote growth for a short duration, but cells egla® grow and divide upon depletion
of the P supply (intracellular P reserves and &emwater). This observation verifies that
P is essential for cell growth and division (Stew&874; South and Whittick, 1987; El-
Sheek and Rady, 1994).
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Short durations of growth in P-starved cultureppdn P) may also be attributed to the
ability of phytoplankton to alter their cellular Requirements and rearrange the
intracellular pool of P in an attempt to maintaiptimal growth rates under P-limiting
conditions until P-starvation occurs and growthsesa(Cembellat al, 1984; Ji and
Sherrell, 2008; Cade-Menun and Paytan, 2010). 3liehations include the synthesis of
non-P containing membrane lipids (Van Maetyal, 2009) and the utilization of organic
P. The switch to dependency on organic P is conyriaitiated upon the depletion of
the inorganic P supply (South and Whittick, 1987).

Generally, it has been widely noted that alkalihegphatase in localized on the surface
of the marine algal cells for the hydrolysis of rexellular organic P (Dyhrman and
Palenik, 1997; Landrgt al, 2006; Xuet al, 2006). However, alkaline phosphatase has
been observed in intracellular locations in certamarine algal species including
Isochrysissp. (Gonzalez-Giét al, 1998; Suret al, 2012). This leads to the assumption
thatlsochrysishas the ability to hydrolyze intracellular orgaRievhen inorganic P levels
are diminished. This was of particular importanté¢his experiment since fine-filtered,
sterilized medium was used for algal culture wHaddks a lot of the organic P present in
the natural environment. Organic P may have betnduced with the algal inoculum
and may be expelled into the medium by lysed alghi or contaminating bacteria, but
the levels of such contributions are minute in cangon with that evident in natural
seawater. Hence, the use of both intracellulaafte@xtent since excessive use of this
supply will be damaging to the cell) and extradalurganic P would be beneficial
under severely P-limited conditions and would haeatributed to the ability of.
galbanato maintain an elevated growth rate even undeditons of very limited P

provided in the inorganic form.

Isochrysisshowed a typical starvation response in the I®vieeatments as evidenced by
the saturation growth curves exhibited by this oig@ at these concentrations of P
(Figure 7.3). Hence, P concentrations below 02% jmitiated a P-induced limitation
response in this specieslebchrysis
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Different microalgal species vary in their intrdaidr chemical composition. Hence,
some species become P-limited in a particular nmedinereas others become N-limited
(Harissonet al, 1990). The nitrogen to phosphorus ratid/&medium is 24:1 (Guillard
and Ryther, 1962) and the Redfield N:P ratio (bematk ratio for plankton) is 16:1
(Redfield, 1958). Thus, nitrogen is supplied iess of its metabolic requirementd/ix
medium if the Redfield ratio is applicable to thigianism. Previous work dngalbana,
conducted by Kain and Fogg (1958), has shown Heabtinimum ratio of intracellular N
to P is 52:1. The ability of the isolate to groptimally in medium supplemented with
quarter the P irf/2 medium shows that the minimum N to P ratio lie®wab 96:1
highlighting the extent of the low P requirement.ofjalbanaU4. 1t is clear that the P
content inf/2 medium was supplied in excess of that needed byspiecies. Thus it may
be deduced that, given the nutrient level¥2xmedium, growth cessation Ingalbana
was initiated in response to other nutrient steséeg. nitrogen starvation) or

environmental factors (e.qg. light limitation) rattiban P-starvation.

P-starvation (0 ppm P) and limitation (0.01 - 0.1@%m P) resulted in the highest
recorded lipid yield, with algal cells accumulating to approximately 50 % w/w lipid by
day 14 (Figure 7.5). At this stage the cells ateeenely stressed, as indicated by the
growth curve (Figure 7.3). Such elevated lipididgein Isochrysishas been observed
elsewhere when exposing the alga to a growth-sapirg environment (Fenet al,
2011). There was a reversal in lipid accumulatifier day 12 in the O ppm P treatment
(Figure 7.5). This was indicative of a cessationipid synthesis and the subsequent
degradation or consumption thereof after a ceeatent of cellular stress initiated by P-
starvation (limited production of ATP and NADPH this required to drive lipid
synthesis). This also suggests that there wassilge limit to the amount of lipid that a
particular cell was capable of storing, possiblgoasequence of the limited volume of
the cell that requires the storage of both esdeotganelles (e.g. nucleus, chloroplast)
and lipid bodies. A halt in lipid synthesis in nant-stressed cells could additionally be
ascribed to reduced chlorophyll levels resulting ilecline in the photosynthetic activity.
The reduction on the chlorophyll content below dical level (Figure 7.6; will be

discussed later) impedes lipid accumulation, ssalar energy which is captured by the
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photosynthetic apparatus, is essential for thergéina of the metabolic flux required for

lipid synthesis and accumulation (@t al, 2008a).

The reduction in the lipid yield ih galbanacells exposed to extended periods of nutrient
depletion has implications for the culturing ofgtlapecies for lipid sequestration. It is
imperative that the algal cultures are harvested lgodd extracted prior to or exactly
when this maximal lipid content has accumulatedhe cells (e.g. for the 0 ppm P
treatment this window is between day 12 to 14; Fegl5) so as to avoid harvesting cells
when lipid levels start falling during the post-nmaal lipid accumulation phase. An
increase in lipid yield in response to P-starvai®mot new and has been reported by
numerous investigators (El-Sheek al, 1994; Reitaret al, 1994; Lynnet al, 2000;
Sigeeet al, 2007). Of particular interest was the study careld by Reitawet al. (1994),
since they used the same test organism. This stuolyed a direct correlation between

the degree of P-limitation and lipid accumulation.

In the present study, there was no significantedsfice in the rate of lipid accumulation
in higher P treatments (P > 0.05; Table 7.3). Twias expected, since the P
concentration tested (0.25 — 1.5 ppm P treatmatitb)not fall below the level that
induces P-deficiency in this species (P limitatioreshold lies somewhere between 0.125
and 0.25 ppm P; Figure 7.3). Hence, the cessatiogrowth and the subsequent
induction of lipid accumulation was most probabtymsilated by some other nutrient
stress (most probably nitrogen evidenced by a dsera the rate of growth in the higher
P treatments on day 8 which correlated with theptete consumption of nitrogen in the
milieu, cf. Figures, 7.3 and 7.4; the continuatargrowth until day 14 was probably a
consequence of the utilization of internal N ressrand the initiation of the stationary
phase due to the depletion thereof; Figure 7.3)e ffeatments that were limited by the P
concentration (0 — 0.125 ppm P) differed in thpidlisynthesis was initiated earlier in P-
starved cultures in comparison to P-limited culu(ee. greater levels of P-limitation
initiated the earlier onset of the stationary phasacurrent with the initiation of storage

lipid accumulation).
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Figure 7.5 Lipid accumulation if. galbanagrown inf/2 medium supplemented with various P

concentrations. Error bars represent standarctiewi(n=4).

Table 7.3: Rates ofl. galbana lipid accumulation (Day 4-14), their regression

coefficients and the significant differences betwtee rates in the higher P treatments.

Treatment Rate (%w.w/day) Regression Significant differences
coefficient

0.25 ppm Phosphate 0.1154 + 0.0004 0.7103 A

0.50 ppm Phosphate 0.1152 +0.0011 0.7076 A

1.00 ppm Phosphate 0.1167 +0.0013 0.7752 A

1.50 ppm Phosphate 0.1126 + 0.0952 0.6698 A

* Rates with the same letters are not significadifferent (P > 0.05)

7.3.3 Effect of P-Limitation onl. galbana pigmentation

Cells that were not P-limited (0.25 — 1.5 ppm) sbdva similar increasing trend of
chlorophyll synthesis up to a plateau and followsy a decrease in the cellular
chlorophyll content (Figure 7.6). Healthy cells camulate chlorophyll for
photosynthesis and growth and the chlorophyll ledelcline during the stationary phase.
All P-limited treatments (0 — 0.125 ppm) showedezlithe in the chlorophyll content
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relative to the levels of starvation (Figure 7.€hlorophyll does not contain P hence this
decline can not be attributed to the breakdownhédrophyll for P sequestration. When
P becomes limiting, the majority of the photosytehia directed towards the synthesis of
storage products (e.g. lipids, Figure 7.5) andhiosynthetic pathways (e.g. leading to
chlorophyll synthesis) become somewhat neglectéébligek and Rady; 2004). The
continuation of cell division concurrent with thalhin chlorophyll synthesis results in
the reduction in the absolute content of chloroblpdr cell. The reduction in the
chlorophyll content when growth ceases is in respoto the inability to produce the
energy molecules (ATP and NADPH) that drive chldrgpsynthesis when cells become
P starved and the breakdown of the previously ggitled chlorophyll since chlorophyll

has a short half-life.

The P-starved treatment (O ppm P) resulted in @etls chlorophyll levels bordering 0.1
pa/cell by day 14 (Figure 7.6). This decreasehlorophyll is important since the lipid
levels in the 0 ppm P treatment also decline fray 14 (Figure 7.5). This corroborates
the previous argument that lipid synthesis is llatiad declines in response to below-

critical (< 0.1 pg/cell) chlorophyll levels.
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Figure 7.6 The chlorophyll content df galbanacultured inf/2 medium supplemented with various phosphorous curat@ns. Error bars
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The carotenoid to chlorophyll ratio remained stallethe higher P treatments but
increased rapidly in the P limited, lower P treattsgFigure 7.7). A stable ratio in the
higher P treatments implies that the chlorophyll aarotenoid levels did not vary much.
An increase in this ratio, in the P limited treaitse is indicative of an increase in the
carotenoid content, a decrease in the chloroployltent, or both. A definite decrease in
the chlorophyll content was observed in the P &ohitreatments (Figure 7.6). The
carotenoid concentration was not monitored howewerate of carotenoid to chlorophyll
increase was greater than the rate of chloropledtehse hence the increase in the ratio
was a function of both chlorophyll reduction andotanoid accumulation. The increase
in carotenoid concentration may have been a piregchechanism employed by the

microalgal cells against photo-oxidative stressig®lenun and Paytan, 2010).
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Figure 7.7 The carotenoid to chlorophyll ratio bfgalbanacultured inf/2 medium supplemented with various phosphorous curatéons.
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7.4 CONCLUSION

The growth rate, rate of lipid accumulation and npégtation ofl. galbana were
unaltered when P was unlimited (higher P treatm@r#5 — 1.5 ppm P). Thus, the P
deficiency threshold for. galbana lies below 0.25 ppm emphasizing the low P
requirement of this organism. This has great iogpions for the mass culture of this
species since reduced phosphorus requirementdimgsi similar cell concentrations
and photosynthetic rates would result in lower ieatrcosts. The study also highlighted
that I. galbanacan store as much as six times the amount of Pithaquires for
maximum cell growth and division. Such elevateduhy uptake is advantageous in
terms of species survival. Furthermore, the sgecan be used for P removal where
excessive P levels become problematic in the enwiemnt.
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CHAPTER EIGHT

Optimising the Dewatering Process of Cultures dfsochrysis galbana U4 by
Flocculation
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8.1 INTRODUCTION

It is usually necessary to first concentrate algalkures before the lipid extraction
process can commence. However, depending on theegwoselected, the cost of
concentrating dilute cultures of microalgae mayubacceptably high (Udumaet al.,
2010a). Numerous techniques have been used foroalgae harvesting such as
centrifugation, filtration, gravity sedimentatiomdaflocculation (Sukenilet al, 1988;
Edzwald, 1993, 1995; Danquah al, 2009a,b; Leat al., 2009; Udumaret al, 2010b;
Zhanget al, 2010a,b). Each technique has its own set afcated disadvantages.
Centrifugation is time-consuming, damaging to filagspecies and requires costly
equipment and high energy levels (Hung and Liu,62@0uckeyet al, 2006; Uduman,
2010a). Filtration requires the constant changihgcreens, filters and membranes due
to clogging, and gravity sedimentation is a lengprpcess (Carvalhet al, 2006;
Uduman, 2010a; Pask al, 2011). Conversely, if inexpensive, non-toxacfiulants are
used and the coagulation process is optimisedgdlation is a low cost, rapid method
that may be used for the treatment of large voluwmiesulture, making it a viable
technique for microalgal concentration (@h al, 2001; Uduman, 2010a; Wet al,
2012).

Flocculation refers to the process whereby pasditiesolution stick together, resulting in
the formation of large aggregates called flocc(lless), which settle out of solution due
to increased mass and surface area. Generaltgufition is induced by the addition of
chemicals termed as flocculants (Knuclatyal, 2006; Udumaret al, 2010a; Shovet
al., 2012). Microalgal cells are negatively chargage do the ionization of surface
functional groups (lves, 1959; Folkman and Wachg7/3]l Edzwald, 1993). This
negative charge results in the presence of eleatiosepulsive forces between the algal
cells leading to the stability of the culture (SHedt al, 1984). Destabilization of the
system promotes flocculation due to the minimizatd the electrostatic contact barrier
between cells resulting in the dominance of ativactan der Waals forces over repulsive

forces.
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Particles in solution (colloids) possess an eleaouble layer at the interface between
the particle and the solvent front (Hunter, 198@n#kersoret al, 2008). This double
layer is formed due to the interaction between iontfie region surrounding the charged
particle (interfacial region). The region clos&sthe charged particle attracts oppositely
charged ions (counter ions) and repels ions afndlasi charge to the particle. This region
is referred to as the Stern layer. The layer osisurrounding the Stern layer is termed
the diffuse layer and consists of loosely boundnteions. lons beyond the diffuse
layer are in equilibrium with the solution (Omlar2f09; Figure 8.1).

Positive Counterslon——m———
Negative Co-on

Highly Negative
Colloid

Stern Layer-

-
Diffuse Layer e ,
- o
e o
-
lons In Equilibrium = o
With Solution [ " "] @ -

Figure 8.1: The Electrical Double Layer that surrounds a chauggrticle in solutior{Adapted
from Omland, 2009)

An exponential decrease in the potential energyhefelectric double layer is evident
with an increase in the distance from the surfacéhe charged particle (Figure 8.2;
Omland, 2009). The Stern layer remains unchangetl is firmly attached to the
colloidal particle however the charge of the diéfdayer is sensitive to factors such as pH
changes and the ionic strength of the solvent (éfurit988; Hendersont al, 2008;
Omland, 2009). The measurement of the electriergi@ of the diffuse layer is referred
to as the zeta potential (Figure 8.2; Hunter, 198 dersoret al, 2008). Zeta potential
is thus the instantaneous, apparent charge ortial@an solution. As the zeta potential

approaches the isoelectric point (zero zeta p@#rnhe stability of the colloidal system
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decreases resulting in the commencement of flotonlgdue to decreased repulsive
forces between particles) (Hunter, 1988). Hencesdaction in the net electronegative

charge on microalgal cells favors flocculation.
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Figure 8.2: The decrease in the Electrical Double Layer poaélats a function of the distance
from the particle surface and the point at whiche tifeta potential is measured
(www.biochemistry-imm.orjy

Factors that contribute to the degree of floccakatinclude temperature, culture age,
hydrophobicity, cell density, ionic strength and pHthe culture medium, the type of
flocculant used and cellular surface charges (eeal, 1998; Griffith et al, 2011,
Eldridge et al, 2012). Commonly used microalgal flocculation timogls include
alterations in the pH of the medium (Elmalethal, 1991, 1992, 1998; Blanchemagh
al., 1994; Yahiet al, 1994), chemical flocculation using metal sabaiKeniket al,
1988) and autoflocculation (spontaneous floccutatiothout the addition of chemical
flocculants) (Sukenik and Shelef, 1984; Spillieg al, 2011). A key factor when
selecting a flocculation method is the ability ézycle excess medium post flocculation.
Medium recycling would aid in the reduction of puation costs since the pumping of

medium to bioreactors would be minimized. For medirecycling to be possible the

155



flocculant used should not contaminate the growédiom or interfere with microalgal
growth (Leeat al., 1998; Wuet al., 2012).

In this study various flocculation methods weretddsto determine a cost effective
dewatering process that will result in maximal celtovery inl. galbana cultures.
Furthermore, excess medium recycling and the effét¢he algal growth stage on the

flocculating ability of various flocculants wereaysed.

8.2 MATERIALS & METHODS

8.2.1 Experimental setup

Non-axenic, monocultures df galbana U4 were used for all flocculation studies.
Cultures were grown in filtered and autocla¥&imedium(Section 2.1). A modification
of the flocculation jar test, described by Udunmeinal (2010a), was used for all
flocculation experiments. Experiments were coneldi@h 100 ml glass beakers (diameter
= 5 cm, height = 7 cm) that were filled with 70 ofl the algal culture. The desired
flocculant volume was added to the microalgal celin the beaker while the culture was
agitated, at a high speed, using a magnetic stifreed Electric, Model F-13). The
speed was then decreased and agitation continoédaminutes. Settling followed for
between 30 minutes to four hours, depending orexiperiment to be conducted. Upon
completion of the settling step a sample was pepefitom a fixed height in the jar (1 cm
below the surface of the culture) and absorbanadimgs were taken to determine the
cell concentration as described in Section 2.5.1 eXperiments were conducted in

triplicate.

8.2.2 Flocculation efficiency measurements
The following equation was used to determine fl¢etton efficiency:

Flocculation efficiency (%) = [(G G) / C] x 100
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Where Grefers to the concentration of cells prior to tneant and Erefers to the final
cell concentration upon completion of the settlatgge (Harithet al, 2009). The final
cell concentration was obtained by siphoning aucalsample 1 cm from the top of the
culture. Absorbance readings of the sample wekentaat 650 nm and the cell
concentration was obtained from a previously costd standard curve depicting cell
concentration versus absorbance (Section 2.5).

8.2.3 Sedimentation rate measurements

The sedimentation rate was determined by measuhagdistance of the cell front
(sedimented sample) in mm from the top of the celtwith respect to time (seconds)
using a ruler and the naked eye (Spilletgal, 2011). Data points were obtained at ten
random time intervals. These points were takemttey to construct a best fit curve
depicting the flocculation time with respect to thediment height. The slope of the

graph represented the maximum sedimentation ragtfiét al, 2009).

8.2.4 pH-induced flocculation

Sodium hydroxide, potassium hydroxide and calciudrbxide (the latter of which
forms a fine suspension in water as milk of limi;2a5M) were used to induce pH
stimulated flocculation in. galbana Jar tests were conducted as described in Section
8.2.1. The respective base was used to adjusuthee pH from pH 9.5 to pH 11 in 0.5
increments. The cultures were continuously agitatesing a magnetic stirrer (Fried
Electric, Model F-13), upon addition of the baseetwsure that the pH readings had
settled. Cultures were then allowed to settle doer hours and intermittently sampled,
on an hourly basis, to determine the efficiencyflo€culation (Section 8.2.2). The
movement of the flocculated cells through the mexivas also monitored periodically to
determine the rate of sedimentation (Section 8.213)e sedimented sample was viewed

using a Zeiss Axiophot microscope with Nomarskiagpt
8.2.5 Medium recycling

Once flocculation induced by pH was complete (apjpnately 100% flocculation

efficiency achieved; Section 8.2.2) the remainirgvgater, above the sedimented cells,
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was siphoned off. This seawater was autoclavel?atC for 30 minutes, allowed to
cool and filtered under a laminar flow bench. Té was adjusted, to that of normal
seawater (pH 8.3), using 0.5 N sulphuric acid. ridats and vitamins were added to the
seawater as recommended by fl2emedium preparation protocol (Guillard and Ryther,
1962; Appendix). A 20 ml aliquot of resultant madi from each flocculant treatment,
was transferred to 100 ml Erlenmeyer flasks. Thegliom was then inoculated with
1.4*1¢° seven day old. galbanacells and growth was monitored over 17 days. Un-
recycledf/2 medium was used as a control. The position ofléis&s on the culture shelf
relative to the unidirectional light source wasdamly shuffled to reduce error from

experimental design.

8.2.6 Chemical flocculation

Ferric chloride, ferrous sulphate and aluminiumpbkate were used as chemical
flocculants. Jar tests (Section 8.2.1) were cotetligvhere various concentrations of
each flocculant was added to early stationary pHagalbanacultures to determine the
optimal flocculant dosage i.e. the lowest chemidasage resulting in maximal cell
recovery (Sukenilet al. 1988). Prior to flocculation using ferric chidei and aluminium
sulphate the culture pH was adjusted to pH 5.5 @iHd5 respectively using 0.5 N
sulphuric acid to promote the formation of catiohygolysis products thus maximizing
the efficiency of flocculation with the specific taésalt (Morrainest al, 1980; Sheleét
al., 1984; Millamenaet al, 1990; Udumanet al, 2010b). Furthermore, this pH
adjustment was used successfully by Sukestilal (1988) for the flocculation of.
galbana cells. Ferrous sulphate did not require pH adjestmto optimize the
flocculating ability. The flocculation efficiencfor each flocculant concentration was
measured after 30 minutes of settling (Sectior2y.2.

8.2.7 Autoflocculation
Early stationary phade galbanacultures were exposed to the following conditionan

attempt to initiate autoflocculation:

(1) 3 °C, non-agitated and not aerated by bubblinthedark
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(2) 22 °C, non-agitated and not aerated by bubblintheright

(3) 22 °C, non-agitated and not aerated by bubblintherdark

(4) 22 °C, agitated and aerated by bubbling, in that legnd

(5) 22 °C, non-agitated and not aerated by bubblinghénlight, with double the

biomass

In treatment four, the cultures were aerated uam@ir pump (Labotec with pressure of
2.4 bar). For treatment five, cells were centddgently at 1000 rpm and the required
volume of the pellet was resuspended in the cultarebtain double the biomass of
microalgal cells. Non-agitated cultures were nobved for the duration of the

experiment. As with the previous experimentstradl autoflocculation experiments were
conducted in 100 ml beakers. The treatments weneitared over two weeks and the
flocculation efficiency was measured every altegrady (Section 8.2.2). On the first and
last days of the experiment pH measurements ofegtments were taken to determine if

any flocculation observed was pH induced.

8.2.8 Growth stage flocculation

F/2 medium was inoculated with 1*4@even day old. galbanacells. These cultures
were subjected to a constant illumination of Jtb@l photons.rif.s* at 25 °C and were
aerated with filtered air (Whatman uniflo 0.2 prtef) with the aid of an air pump
(Labotec with a pressure of 2.4 bars). Air waspddhrough a humidifier, prior to being
pumped through the cultures, in an attempt to maenculture evaporation. At various
phases of the sigmoidal growth pattern of the batdture jar tests (Section 8.2.1) were

conducted to induce flocculation of the cells udimg following treatments:

(1) Increasing the culture pH to 10.3 using potassiydrdxide
(2) Increasing the culture pH to 10.3 using sodium byitle

(3) Increasing the culture pH to 10.3 using calciumrbyiaie

(4) Using a pre-determined concentration of ferric adi®

(5) Using a pre-determined concentration of ferrouptsate and

(6) By gravity settling
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The culture pH was adjusted to 5.5 prior to floatioh with ferric chloride and left
unadjusted for ferrous sulphate flocculation experts (Section 8.2.6). Aluminium
sulphate was eliminated from this study due tdintged ability to flocculatd. galbana
U4 cells. The cell front was allowed to settle R minutes before the flocculation
efficiency was determined (Section 8.2.2).

8.2.9 pH measurements

A pH meter (Precisa pH900) was used to measurphhef the cultures. The pH probe
was immersed into the cell suspension that wasitaditusing a magnetic stirrer (Fried
Electric, Model F-13) to ensure even, constant ngxi Readings were taken only after
the meter output stabilized.

8.3 RESULTS & DISCUSSION

8.3.1 pH-induced flocculation and medium recycling

Flocculation was evident in all base treatmentdagmum hydroxide, sodium hydroxide
and calcium hydroxide), at all pH levels but maxift@cculation (> 95%) was achieved
at pH 10.5 and above (Figure 8.3 - 8.6). This ptilioced flocculation, at elevated pHSs,
has been observed in multiple studies with varimisroalgal species (Elmaledt al,
1991, 1992, 1998; Blanchemadn al, 1994; Yahiet al, 1994; Nurdogan and Oswald,
1995; Leeet al, 1998; Knuckeyet al, 2006; Vandammet al, 2012). Authors have
attributed this observation to the neutralizatibmegatively charged algal cells by the
addition of bivalent cations such as calcium andgymegium (Nurdogen and Oswald,
1995). In earlier studies investigators have sstggkthat this process occurs as a result
of the production of positively charged precipitatéhich interact with the algal cells and
promote flocculation (Sukenik and Shelef, 1984).

The use of calcium hydroxide as an algal floccapaigent has been extensively studied

due to its comparatively low cost, its non-toxiciyd the desirability of calcium cations

in animal feed. The flocculating ability of calan hydroxide observed by some authors
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was only prevalent if the culture medium had a highcentration of magnesium ions
(Folkman and Wachs, 1973). The medium used indtudy {2 medium) is enriched
seawater and basal seawater contains approxini28 ppm magnesium (Kestetral,
1967). This high concentration of magnesium iory tmave assisted in the flocculation
process (Elmalekt al, 1998). Other authors attributed flocculatiorttie precipitation
of positively charged calcium phosphate which radiztes algal cells and promotes
agglomeration (Sukenik and Shelef, 1984j/2 medium contains 1 ppm phosphorous
which is completely scavenged from the medium dytime early exponential phase
(Chapter 7). Hence, calcium phosphate precipitatioes not explain the calcium
hydroxide initiated flocculation evident in thisudy due to all the phosphate in the

medium being consumed prior to initiation of th@esment.

Calcium hydroxide induced flocculation may alsoebeonsequence of the formation of
calcium carbonate which results due to the reachietween calcium hydroxide and
dissolved carbon dioxide in the culture medium.lciDan carbonate may precipitate out
of solution and entrap the particles via ‘sweep gotation’ which refers to the
enmeshment of the cells in large amounts of predtgi This would result in an
increased density of the settling particles consetiy leading to gravity sedimentation
(Leentvar and Rebhun, 1982). This process coufdlagx the observations in the jar
experiments where a distinct sedimentation frons whserved at pH 10.5 and above
(Figures 8.5 B and 8.6 B). Sedimented cells (dii7) showed a gelatinous precipitate
between the cells further justifying the ‘sweepgudation’ theory. Calcium carbonate
precipitate carries a negative charge at all pklethat it exists (Larson and Buswell;
1940; Folkman and Wachs; 1973; Leentvar and Rebt@82; Smith and Davis; 2012).
This implies that calcium carbonate would play oterin charge neutralization of the
negatively charged microalgal cells. Calcium iotsnversely, are positively charged.
Thus, it may be deduced that the dissolved spesoesribute significantly to charge
neutralization whereas the precipitates play aegral role in ‘sweep flocculation’
(Hendersoret al, 2008).

161



However, neutralization of the microalgal cells malgo have been achieved by the
formation of positively charged, gelatinous magaeshydroxide precipitate (Larson and
Buswell; 1940; Folkman and Wachs; 1973; Leentvat &ebhun, 1982; Smith and
Davis; 2012), due to the large amount of magnesiuseawater, which would aid in the
dual role of charge neutralization and agglomenafieimalehet al, 1998; Schlesingeat
al., 2012). The large open structure of magnesiudrdxyyde precipitate implies that it
would easily entrap algal cells (Duan and Greg@803). The role of magnesium in
microalgal destabilization and concentration was/en in a study conducted by Vet
al., (2012) where the elemental composition of pHioetl, algal flocs was deduced
using energy-dispersive X-ray (EDX) analysis. Téamalysis revealed large amounts of
magnesium in the sediment and a decrease in theasiagn concentration of the culture

medium inferring the importance of magnesium inlaggration.

Increases in the culture pH induced by potassiudidyde and sodium hydroxide, may
have resulted in similar observations of adsorptiad flocculation where magnesium
hydroxide, calcium carbonate and magnesium anducalcations contribute to the
agglomeration process. However, direct observatibrthe cells sedimented by the
introduction of calcium hydroxide shows them toveey different to those that flocculate
via the other two treatments. As evident in Fig8rg the calcium hydroxide treatment
favoured far more clumping of cells as indicatedtbg larger amount of precipitate
between the cells. The increased amount of ptat#is also observed in the jar
experiments, post sedimentation, (Figures 8.5 B&6BMd) where the algal sludge from
the calcium hydroxide treatment was much whitecamparison with the other two
treatments (the whiter sludge implies that moretevprecipitate relative to green cells is
evident in the calcium hydroxide treatment thanthe other two treatments). This
elevated precipitate in the calcium hydroxide weait could be as a result of the
inability of calcium hydroxide to dissolve in thesdium (calcium hydroxide dissociates
in water preferentially at different pHs). Thisubt also be due to the rapid formation of
large amounts of calcium carbonate which would iprete out of solution above a

solubility limit.
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Figure 8.3 (A): Flocculation efficiency of. galbanaat pH 9.5 brought about by the addition of

various salts as indicated. Error bars represtmtdard deviation (n=3) an(B): resultant
cultures four hours after the alteration of pH.
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Figure 8.4 (A): Flocculation efficiency of. galbanaat pH 10 brought about by the addition of
various salts as indicated. Error bars represtmdard deviation (n=3) an(B): resultant
cultures four hours after the alteration of pH.
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Figure 8.5 (A): Flocculation efficiency of. galbanaat pH 10.5 brought about by the addition of
various salts as indicated. Error bars represtmdard deviation (n=3) an(B): resultant

cultures four hours after the alteration of pH.
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Figure 8.6 (A): Flocculation efficiency of. galbanaat pH 11 brought about by the addition of
various salts as indicated. Error bars represtmtdard deviation (n=3) an(B): resultant
cultures four hours after the alteration of pH.

D L = ~0 (‘\-"0 7 “ﬁ‘ ,...C "Q 3 T
[f‘."'! 20 Do PEINE
‘Hﬁ 4 o5 © of Vi v P
@ t&% - ‘.‘) ' ol - ﬁ&‘)
WinEy X ) )
S0 &% ¥ & e U2 o8 P 0 C oy
= @; o r e & G
T . ) A BB . L
. s e = R b 2 %
DYsi-~"N kil I Che bl m P e S
Control Potassium hydroxide Sodium hydroxide Calcium hydroxide
(pH 10.5) (pH 10.5) (pH 10.5)

Figure 8.7: Appearance of sedimentédgalbanacells after being subjected to a pH of 10.5
brought about by various salts as indicated. @bn#fers to cells subjected to pH 8.3. Scale bar
represents 10 pm.

Another factor that may have contributed to thedldation of the algal cells observed in

this experiment, is the variation in the surfacarge of the cells. Zeta potential
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measurements were not monitored in this study hewewmerous other authors
analysed this parameter in microalgal flocculatxperiments (Hendersaat al, 2008;
Danquahet al, 2009b; Beaclet al, 2012; Wuet al, 2012). Wuet al (2012) showed
that in marine microalgal systems pH increaseddea concomitant increase in the zeta
potential. This results in a reduction in the maigal repulsive forces thus aiding
flocculation. In the studyNannochloropsis oculatand Phaeodactylum tricornutum
were used as test marine organisms. The zetatabtehN. oculatarose from -40 mV
to -15 mV upon pH increase from 7.3 to 10 and df&. tricornutumincreased from -10
mV to approximately 0 mV within the same pH rangBhese observations indicate a
species specific decrease in the surface chartieeahicroalgal cells at elevated pHs. A
similar occurrence would have been observed inpitesent pH-induced flocculation
study withl. galbang but no zeta potential studies were undertaketh@nspecies to

validate this.
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Figure 8.8: The rate of sedimentation &f galbanain the indicated alkaline treatments at pH
10.5 and 11. Error bars represent standard deni&ti=3).

The settling velocity of the microalgal sludge id pependant and increased with an
elevation of pH when using KOH and NaOH but decrdas/hen similarly using

Ca(OH) (Figure 8.8). The increased rate of sedimemdirought about by elevated pH
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via the addition of potassium hydroxide and sodibydroxide is attributed to the
increase in the algal sludge density due to anattelvamount of precipitate being
produced upon addition of more basic solution. sTikifurther verified by the jar test
pictures (Figure 8.5 B and 8.6 B) where the algadge in the pH 11 treatment is lighter
green (more white precipitate than green cellstamparison to the pH 10.5 sludge,

indicating more precipitate at a greater pH.

The algal sludge generated by calcium hydroxidetatl0.5 sedimented out of solution
approximately six times quicker then the correspamdodium hydroxide and potassium
hydroxide algal sludges implying that superior kieicing and dewatering may be
achieved when using calcium hydroxide. The eleldensity of the calcium hydroxide
generated algal sediment is also clearly evidemhfihe jar tests where the sedimentation
front is much lower than that observed in the ottven treatments after four hours
(Figures 8.5 B and 8.6 B). This, elevated densityhe calcium hydroxide (pH 10.5)
generated algal sludge is advantageous in thatethdting sludge has a lower water
content, which would result in cost reductionsuiftfier dewatering using methods such
as centrifugation is required prior to oil extraati since a smaller volume of algal sludge
would need to be concentrated.

Interestingly a decrease in the sedimentationwate observed in the calcium hydroxide
treatment upon pH increase from 10.5 to 11. Thiseovation is counter-intuitive since
an elevated pH would result in a larger precipitagdd that would presumably result in
the increased settling rate due to an increasédandensity of the sedimentation front
(cell-precipitate combination). No doubt the caoihydroxide (pH 11) treatment had
the largest amount of precipitate in comparisoraltoother treatments (this is clearly
observed in Figure 8.6 B where the algal sludgehm pH 11, calcium hydroxide
treatment looked whiter than that observed in tthertreatments implying the largest
precipitate to cell ratio in this treatment). Tiegluced sedimentation rate in the pH 11,
calcium hydroxide treatment may actually be atteduto the observed excess in
precipitate. Microalgal floccules that form aseault of precipitate binding to cells have

loose structures (not closely-packed). Moreovitrtha floccules formed are not of the
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same size hence some floccules would settle quitken others. When excess
precipitate is evident in the medium algal floceulend to attach to each other, due to the
formation of precipitate bridges resulting in therrhation of large floccule-precipitate
networks. These networks result in a reductiofiuid movement (between flocs) and
prevent larger floccules from passing smaller cseesll floccules sediment at the same

time causing a reduction in the sedimentation (&ieith and Davis, 2012).

The sedimented cells post-flocculation were staingd tryphan blue to determine if the
pH treatments were harmful to the cells. This $é&twed no damaged cells since none
of the cells took up the stain implying tHagalbanais tolerant to exposure to elevated
pHs. Furthermore, the direct observation and coispa of the flocculated and non-
flocculated cells (Figure 8.7; pH flocculated comguhwith control) showed that all cells
were intact and looked the same. Similar obsematiovere evident in flocculation
experiments conducted by other investigators whaoeoalgal cells were unaffected by
short durations of pH increases (Blanchemain angde@u, 1999; Ravi and Sivasankara,
2002; Knuckeyet al, 2006; Spillinget al, 2011).
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Figure 8.9: Alkaline concentration required f&2 medium pH increase using the indicated basic

solutions.
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The medium was very buffered against pH changed®iL0.2 and 10.5 irrespective of
the driver of pH change (Figure 8.9). Sodium hydie treatments required a smaller
volume of the basic solution to reach the same pHha other two treatments. This
implies that sodium hydroxide would be advantageouthe scale-up of this process.
However, the cost of the actual chemicals also riedae taken into account as larger
guantities of calcium hydroxide may still be cheafbeen smaller quantities of sodium
hydroxide. The vast volumes of all base solutimuired for the slight pH increase,
from 10.2 to 10.5, may be attributed to the inherbaffering ability of seawater
(Knuckey at al., 2006).

As the pH values approached the buffer zone ofntledium a fine white precipitate

appeared irrespective of the driver used. Moreipitate formed as more alkali was
added to the culture medium. This precipitateradied with the cells in suspension and
contributed to the bulk of the resultant sludgeeobsd post-settling.
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Figure 8.10: Isochrysis galbanarowth in medium recycled from the pH experimemsing
different drivers as indicated. Control refersntin-recycled/2 medium. Error bars represent

standard deviation (n=3).
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Table 8.1: Rates ofl. galbanagrowth, their regression coefficients and the digant

differences between the growth rates in the varimatments as indicated.

Treatment Rate (Cells.u™/day) Regressior Significant differences
coefficient

Potassium hydroxide 0.1716 + 0.0016 0.9382 A B

Sodium hydroxide 0.1718 £ 0.0024 0.9671 A B

Calcium hydroxide 0.1674 £ 0.0007 0.9537 A

Control 0.1764 + 0.0016 0.9739 B

* Rates with the same alphabet are not signifigasttferent (P > 0.005)

Isochrysis galbanagrowth and division was not inhibited in all pdsteculation,
recycled medium (Figure 8.10). Both the recycledapsium hydroxide and sodium
hydroxide medium treatments yielded growth rates tiere significantly similar to the
control treatment (P > 0.005; Table 8.1) implyirfatt medium recycling after algal
flocculation using these treatments is feasiblawelver, the growth rate in the calcium
hydroxide treatment was significantly differentrfrdhe control growth rate (P < 0.005;
Table 8.1). Cell clumps were observed in cultygesvn in the recycled medium from
calcium hydroxide treatments. This could have basna result of the presence of
calcium hydroxide precipitate in the growth mediaven after the pH alteration (back to
pH 8.3), which resulted in some flocculation aswgtoproceeded hence fewer cells in
suspension. This would not adversely affect thegss of medium recycling since a
similar cell concentration, as in the control, ntighill be obtained eventually when

harvesting the cells.

From the above pH induced flocculation experimeibhtsay be deduced that the addition
of alkaline solutions to microalgal cultures, abae solubility limit (resulting in

saturated solutions), induces flocculation (Davigl &oust, 1969). These alkaline
treatments allow for the separation of microalgalscfrom culture medium but also
contaminate the cells with the salts used (Figurg. 8This is not a major obstacle since
small quantities of such salts are non-toxic. Aile treatments such as calcium
hydroxide are preferred since it is cost effectawal calcium is not harmful in animal

feed (Schlesingeet al, 2012). Potassium hydroxide and sodium hydroxesedues in
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the concentrated microalgal sludge are also adgeats in that they act as catalysts in

the transesterification process, leading to biedipsoduction (Cavalhet al, 2011).

A recent study disproved the theory that the amotiatkali necessary to flocculate cells
increases as a linear function of the number olsdel the culture. In this study
Schlesingeret al (2012) showed that denser cultures require smatlecentrations of
the alkaline solution to induce flocculation. Imetpresent study no experiments were
conducted to determine the effect of cell conceioimnaon the pH at which flocculation
was initiated inl. galbana A decrease in the volume of the basic solutmfidcculate
dense cultures would be beneficial in that it wo@slult in a cost decrease and increased
biomass yield of pH-induced flocculation. It wowltso reduce the amount of inorganic

precipitate in the microalgal sludge.

8.3.2 Chemical flocculation

The mechanism by which flocculation occurs, whenainsalts are used, is via charge
neutralization due to the adsorption of cationgh®ynegatively charged microalgal cells
(Folkman and Wachs, 1973; Udumat al, 2010b). Ferrous sulphate resulted in
maximal flocculation (approximately 30% efficiencgy 120 mg/l, followed by ferric
chloride that resulted in approximately 20% floatidn efficiency at 160 mgl/l.
Aluminium sulphate was ineffective as a flocculdot |. galbana U4 (Figure 8.11).
None of the metal salt treatments yielded floceotaefficiencies that would warrant

their serious consideration as feasible dewatexgemts.

Sukeniket al (1988) conducted a similar study where they oleseralmost complete

flocculation of a culture of. galbanawhen high aluminium sulphate and ferric chloride
doses (within the range of the current study) wsed. In that study a comparison of the
flocculation efficiency of marine and freshwateresigs showed that much larger
amounts of the flocculant was required in the measgstem and they attributed this to
the high salinity of marine cultures resulting imetreduction in the activity of the

flocculant due to the masking of its active siteBloreover, the elevated amount of

flocculant required to flocculate galbanawas also attributed to the motility of the
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species (Sukenilet al, 1988). A high coagulant demand for this species also
observed by Eldridget al (2012), where aluminium sulphate and iron sukphaére
used as flocculating agents. The results obtainethis study were similar to that
acquired by Knuckewgt al, (2006) were they observed poor flocculationylgsmn 30%)
of an unidentified species ¢tdochrysisusing ferric chloride. They attributed this to an
‘incompatible cell surface chemistry’ but did ndal®rate on this inference. The poor
flocculating ability of aluminium sulphate evideint this study was also observed in a
study conducted by Millameret al (1990) where they attempted to flocculatgalbana

using alumimiun sulphate.
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Figure 8.11: Flocculation ofl. galbana using inorganic flocculants. Error bars represent

standard deviation (n=3).

The limited success using metal salts to flocculagalbanamay be due to the properties
of the cells of this species, such as the sma#l @z5um) and motility. This species of
Isochrysisdoes not possess a cell wall but is covered byenowns layers of small
glycoprotein scales that are hydrophilic in nat(@eeen and Pienaar, 1977; Chapter 4).
This cell covering would aid in the stability ofetleells in suspension and the shedding of
these scales in layers may contribute to the edevabagulant demand required by the

cells (the cells that are neutralized by the cationprecipitate would lose the neutralized
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scales and require additional precipitate and weatifor the repulsive forces to be
decreased again). The inability of this specidsetélocculated using aluminium sulphate
may be augmented by the rapid decrease in thereyitd incurred by the addition of
large aluminium sulphate doses (Eldriggel, 2012). This would result in a decrease in
the zeta potential and hence incur a greater negeliarge to the cells, which would then

strongly repel each other and resist coagulation.

The use of multivalent metal salts, such as thoseduin this experiment, is
disadvantageous in aquaculture (and other apmitsitidue to their toxic nature (Grima
et al, 2003; Schlesingest al, 2012). Hence, this method of flocculation wountat be
favoured for biodiesel production as excess algatenal after oil extraction should be
used as animal feed or in the production of variotler products to maximize its use.
The cost implications of using such flocculant®alsunt against their use in an upscaled
version of this process even if this model organisud be dewatered successfully using

this technique.

8.3.3 Autoflocculation

Autoflocculation refers to the spontaneous fornratiaf algal floccules in culture.
Generally, this phenomenon results in response &evated pH which occurs in culture
due to the consumption of carbon dioxide by phatt®ssizing algal cells (Sukenik and
Shelef, 1984; Showt al, 2012). This would result in the precipitationhyidroxides and
carbonates that would aid in agglomeration and ityasedimentation (Section 8.3.1).
Another factor that may contribute to auto-floctida is the secretion of extracellular
polymeric substances (EPS) by the algal cells. &woos algal species have been shown
to have the capacity to secrete this substancelgHah al, 2006; Mishra and Jha, 2009;
Bellinger et al, 2010) and it has even been linked with floceatain the ocean (e.qg.
diatoms, Kiorboe and Hansen, 1993). The secretidéPS by bacterial cells may also

assist in microalgae autoflocculation (Sukenik 8helef, 1984; Leet al, 2009).

In the present study, early stationary phase migabacells were exposed to various

conditions in an attempt to induce algal autofléatan. Cultures that were incubated in
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the dark at 3 °C were completely flocculated wittwar days. A gradual increase in cell
removal (up to about 70% efficiency) from aeratatlurzes and cultures incubated in the
dark at 22 °C was evident over the duration of ¢ixperiment. The flocculation
efficiency in the other two treatments tested remdiconstant (around 50% efficiency or
lower) throughout the incubation period (FigureZ23.1 The pH values of the various
culture treatments were monitored on day fourteerddtermine if flocculation was

induced by an elevated pH (starting pH was 8.3 wherexperiment was initiated).
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Light is essential for photosynthesis to occur.e Thltures that were maintained in the
dark would be unable to photosynthesize resultimgow rates of metabolism and
reduced amounts of energy resulting in decreasdilitpno This would aid in the settling

of the algal cells. Furthermore, studies have caugid that microalgal cells with a
reduced metabolism tend to agglomerate in resptmnae increase in the zeta potential
(Danquahet al, 2009b). This would result in cells becomingsledectronegative

resulting in a decline in the repulsive forces.eTapid complete flocculation of cells in
the dark at 3 °C may also be attributed to a deereathe viability of the cells at such

low temperatures.

Figure 8.13: Isochrysis galbandloccules observed in photobioreactor in respdpsagitation
induced by bubbling.

Agitation by bubbling led to the formation of disti floccules that easily settled out of
solution due to their high densities (Figure 8.13he formation of these floccules may

176



be due to the high concentration of cells in thitucet and increase in the frequency of

collisions between these cells in bubbled culturé®ccule formation due to agitation in

dense cultures may be further justified by the @qoalNa/dt ® Neey which shows that
the rate of aggregation and the frequency of ¢olis are directly proportional to the
number of cells in solution squared (Hunter, 20Bltyidgeet al, 2012). The formation
of these flocs may also be due to the secretiddR8 by the cells. Secretion of EPS is
mostly prevalent during early lag phase and the $tationary phase (Metting Jr., 1996;
Eldridge et al, 2012). EPS secretion during the late stationdrgise is possibly a
mechanism used by stressed microalgal cells toineatached to a substrate, and utilise
minimal energy, until optimal growth conditionsust. The cells in this experiment
would be in the late stationary phase. EPS secreticreases the ‘stickiness’ of the
cells. This would aid in the adhesion of the céfiseach other upon collision. The
cultures used were non-axenic implying that theradtion between bacterial EPS and
the cells could have also contributed to cell lshess’ and floccule formation. During
the late stationary phase the metabolic activityhefcells would have decreased, due to
nutrient depletion, which would lead to an increasethe zeta potential. Hence, a

reduction in the repulsive forces which would atsatribute in floccule formation.
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Figure 8.14: pH of autoflocculated. galbanacultures after fourteen days. Error bars repitesen

standard deviation (n=3).
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The culture containing double the biomass resulteépproximately two times the
flocculation efficiency in comparison to the cu#unaintained under the same conditions
with the normal biomass content. This may be aseslt of the increased cell
concentration increasing the probability of intéi@ts between the cells resulting in
flocculation and sedimentation. A similar, elevapH was observed in the both cultures
regardless of the cell concentration (Figure 8.1Fhis elevated pH is due to carbon
dioxide consumption by the cells that are metabdlicactive due to their exposure to
light. But the same pH levels in the single andilde concentration cultures is
unexpected since more cells would result in morbara dioxide uptake which should
result in a higher pH observed in the double aaficentration treatment. The similar pH
in both treatments may be attributed to the deerkdight exposure in the culture with
double the biomass, due to cell shading in sucterssel culture, which would have
resulted in a reduction in photosynthetic ratescrgkesed carbon dioxide uptake rate
resulting in more carbon dioxide in the medium tmasntaining the pH at a similar level
to the culture with half the cell concentrationT.he elevated pHs in both treatments
would result in an increase in the zeta potentiictv would aid in flocculation. The
decrease in the electronegative charge of the wellsd be more beneficial in the double
biomass treatment as a large number of cells woeddlt in the cells being in closer

proximity to each other resulting in coagulation.

The pH levels in all culture treatments were befiv9 (Figure 8.14) implying that the
autoflocculation observed in this experiment was$ redated to the precipitation of

hydroxides and carbonates (which occur at pHs @rélaan 10; Section 8.3.1).

8.3.4 Effect of growth stage on flocculation effieincy

Isochrysis galbanavas cultivated in batch culture over nineteen dayhe growth
kinetics of the algal cells is depicted in Figuré® The results show a gradual increase
in the cell concentration, up to approximately 00 @ells/ul, on day sixteen followed by
a plateau in cell numbers till day nineteen wheltivation was halted. The lag phase
was observed between day zero and three followabebgxponential phase between day

three and eight and the stationary phase was dvigeyond day 16. Flocculation
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induction (using various treatments) was attempiedughout all growth phases to see
whether an optimum time for harvesting, that caes with optimal lipid accumulation,

could be determined.
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Figure 8.15: Growth curve ofl. galbanashowing points at which flocculation induction was

attempted (circled; Error bars represent standaviéation, n=3).

pH-induced flocculation was initiated using potassihydroxide, sodium hydroxide and
calcium hydroxide to elevate the microalgal cultpketo 10.3. A pH value of 10.3 was
used instead of the value of 10.5 (Section 8.3d that smaller amounts of the alkaline
solutions were needed and thus keep costs to anomnmiwhen upscaling the process.
Aluminium sulphate was eliminated from the study iasis unsuccessful in the
flocculation ofl. galbanaU4 (Section 8.3.2) but ferric chloride and ferrcudphate were

both tested as flocculating agents.
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Complete flocculation was evident using all alkalimeatments on day 4 (lag phase)
(Figure 8.16). This may be as a result of theetgxr of EPS by the cells during this
phase interacting with the precipitate to form #idbat settle out of solution. At this
early phase phosphate would not have been completeisumed by the algal cells.
Hence, calcium phosphate precipitate may aid in ftbeculation process. This
observation would correlate with that observed bigedik and Shelef (1984) where they
achieved algal flocculation at lower pHs (8.5-9/@Jative to the present study, which
they attributed to the precipitation of calcium ppbate. However, harvesting at such an
early stage would be undesirable due to the loWwcoegicentration and the minimal level

of lipid in the cells at this stage.

An elevated ferrous sulphate flocculating ability90% efficiency) was initially evident
(day 7) followed by a downward trend in the floatuig ability, as the exponential phase
proceeded (Figure 8.16). The reasons for thealriticreased ability of the flocculating
agent is unknown. Harvesting at this growth stageld also be undesirable due to the
decreased lipid levels. During the stationary phaghen large amounts of lipid-rich
cells are prevalent in culture, potassium hydroxael sodium hydroxide resulted in
maximal flocculation (Figure 8.16). This may beedo the loss of the flagella during
this growth phase (Chapter 5). Danqgeglal.(2009b) showed that a multi-strain culture
of Tetraselmis suecicand Chlorococumsp. had a lower net electronegative zeta
potential during the low growth rate phase (stargrphase) as compared to cultures in
the high growth rate phase (exponential phase) dDamet al, 2009b). |If this is
applicable tol. galbanaas well, a reduction in the electronegative chamgdhe cells
during the stationary phase would also accountttier increased flocculating ability
observed in this study using alkaline induced fldagon during the stationary phase.
The pH used (10.3) was not feasible for calciumrbydie flocculation implying that this

alkaline treatment requires a higher pH for miaga&flocculation to proceed.
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8.4 CONCLUSION

It may be concluded that optimal flocculation obthpecies ofsochrysisis achieved by
increasing the pH of the medium using potassiumrdyide, sodium hydroxide or
calcium hydroxide. Calcium hydroxide is preferteetause it is cheaper and because it
induces superior rates of sedimentation. All malgnt metal salt treatments were not as
effective as pH dependant flocculation in flocculgtthis species. Autoflocculation was
observed in cultures agitated by bubbling and teduh distinct, large flocs that easily
settle out of solution. This is advantageous at thintroduces no additional chemicals
and therefore is cheaper. The bulk of separatedvager in such procedures can
additionally be used as the inoculum seed and #aium for further culturing and lipid
biofeed production. During the stationary phaskenvlipid-rich cells are expected to
dominate the culture, pH-induced flocculation cam Wised to maximum effect in

recovering the most cells.
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CHAPTER NINE

Culture of Isochrysis galbana U4 in Upscaled Photobioreactors
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9.1 INTRODUCTION

Microalgae can be commercially cultured in eithpemed or closed systems. Both these
systems have associated advantages and disadwwan@agiosed tubular, bubble-column
photobioreactor (PBR) system was used in the curstidy since it enables the
maintenance of a more controlled environment, iteis prone to contamination and
higher biomass levels can be achieved using tisiegyin comparison to opened systems
(Borowitzka, 1999).

Early studies using PBRs date back to the 1940€nw@hlorella was cultivated to
investigate photosynthesis. Gradual improvemehtisad system have been tested since.
Numerous categories of PBRs exist today includumgular, horizontal, inclined and
spiral varieties (Barsanti and Gualtieri, 2006)ulfiple parameters need to be taken into
consideration when designing a PBR system. Thedede gaseous-exchange, methods
of mixing that are not hazardous to the microaldjght intensities, methods to maintain
the temperature of the system and a way to comwlcarbon dioxide and oxygen

content in the system (Borowitzka, 1999).

In the present study a simple design of a tubuldnbke-column PBR was used. Minor
variations of the systems configuration and growetnditions were carried out
throughout the study in an attempt to maximize dhawth rate and lipid yield of the

microalgal species.

A two-phase continuous system was tested for thesmalture ofsochrysis galban&4.
This two-phase PBR or two-stage configuration wesdubecause it has been established
thatIsochrysis galbandJ4 cells divide when nitrogen is abundant and acdate lipid

in response to nitrogen depletion. Hence, ceikthwn and lipid accumulation do not take
place concurrently. In the two-phase PBR set efitst photobioreactor is replete with
respect to nitrogen and the second photobiore&ctotrogen deplete. Hence, cell growth
occurs in the first phase and lipid accumulationcuos in the second phase.

Theoretically, this two-phase system would be ideathe mass culture ¢f galbana
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9.2 MATERIALS & METHODS

9.2.1 Photobioreactor setup

The two-phase or two-stage PBR system consistégdminterconnected photobioreactor
systems, System | and System Il respectively. Atgdll division occurs in System | and
lipid accumulation takes place in System II. Tinst stage PBR, also called System |
consisted of a cylindrical Perspex tube equippdd winutrient and air inlet. The effluent
overflow from the first stage was collected inte gecond phase PBR also referred to as
System Il which consisted of a 5 L conical flaskg(ffe 9.1). The bioreactors were
illuminated with multiple vertical (unlike in Figar9.1) fluorescent lights. Filtered air
(Whatman uniflo 0.2 um filter) was pumped througgstiled water (humidifier) prior to
entry into the bioreactor, with the aid of an aimp (Labotec with a pressure of 2.4 bar).
The filtered air was bubbled into System 1 usirgpad-stone fish tank sparger. When
this configuration was run in continuous mode, Hré® medium was supplied into
System 1 by means of a peristaltic pump (Watson &ldlv, 520S) and the culture
overflow was collected in System 2 (Figure 9.1)atd® cultures were conducted in

System 1 only.

[ -
- = < FIu?rﬁcent
Air filter . s
—
Air pump >
Humidifier.
Peristaltic
- C D ‘&
< Overflow
vessel
Medium 12 5L
reservoir PUMP
Nutrient 1 .
feed f 1
System 1 System 2

Figure 9.1. Schematic representation of the photobioreactdesysised for the mass culture of

I. galbana
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Two configurational variations (Configuration | af@nfiguration 1) of the above PBR

setup were tested. During the initial testing ghdee volume of System 1 was 7 L.
Thereafter an up-scaled variation of System 1 wassteucted and tested (16 L). The
second configuration of System 1 varied in bothubleime and the design (Table 9.1).
System 2 remained unchanged in both trials (7 &hd.)lof the continuous system

however the algal culture collected in System 2 wassferred to different growth

vessels and grown under varying conditions (e.gowua light intensities/ bubbled vs.

non-bubbled cultures and agitated cultures growneissels maintained on an orbital-
shaker).

Table 9.1 Differences in the configuration of System 1 amodified Schott® bottles

Configuration Volume Height (m) Diameter Base
System I (L) (cm)

Configuration | 7 1 11 Flat

Configuration Il 16 1.4 13 Funnel

Modified Schott® 1 0.25 9 Flat

bottles’

" Used for all experiments conducted thus far andtdddr comparison purposes
9.2.2 Experimental setup and analytical methods
Multiple experiments were conducted using the PBRfigurations described (cf. Tables

9.1 and 9.2).

Table 9.2: Isochrysis galbananass culture experiments

Batch Continuous
Configuration 1. Only System | for 14 days 3. Varying levels of nitrate in influent/@
I (7L) 2. Only System | with varying light medium) and exposure of effluent to
intensities multiple growth conditions (bubbled
and non-bubbled)
Configuration 4. Only System | for 14 days 5.Varying flow rates and effluent growth
I1(6L) conditions (bubbled, non-bubbled still

and non-bubbled agitated/shaken)
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9.2.2.1 Experiment 1 (7 L batch culture)

An initial batch PBR experiment was conducted ttedrine the growth dynamics of
galbanain a larger volume (7 L photobioreactor as appdseithe 1 L sparged bottles).
For the batch run only System 1 was used. @/2 medium (prepared as in Section 2.1)
was inoculated with a 7 day oltl galbana culture (inoculum concentration =
approximately 6.5 x 10cells). The system was illuminated at 186 pmatphs.nt.s*
with a 10:14 light-dark cycle and incubated at agpnately 25°C. Aliquots of the algal
culture were extracted every alternate day for celints (Section 2.5) and lipid yield

measurements (Section 2.7).

9.2.2.2 Experiment 2 (7 L batch with varying lightintensities)

Batch (only System 1; 7 L) photobioreactor experiteavere conducted to determine the
effect of increased illumination dngalbanagrowth. The illumination was modified by
varying the number of lights that were switched drhe light intensities used included
186, 215, 361 and 720 pmol photond.st with a 10:14 light-dark cycle and the
temperature was maintained at approximately°@5 Initially, batch cultures were
conducted with a single light intensity thereaffequential changes in the light intensities
during the course of the batch run were tested.afFouns 6.5 Lf/2 medium (prepared as
in Section 2.1) was inoculated with a 7 day dldgalbana culture (inoculum
concentration = approximately 6.5 x’1ells). The cell concentration and lipid content
were monitored for the duration of the experimeé®gdtions 2.5 and 2.7 respectively).
The rate of growth, divisions per day and genendiimes were calculated for each batch

culture exposed to the various light intensitiescfn 2.11).

9.2.2.3 Experiment 3 (7 L continuous culture with arying levels of nitrogen)

An experiment was conducted to determine the inftee of nitrogen supply
concentration on the growth bfgalbanacells cultured in a continuous setupgalbana
(800 ml) was grown to mid-log phase in a 1 L maifiSchott Duran® bottle (Section
2.3). This culture was used as the inoculum fast&y 1 which contained modifidi®
medium supplemented with 440 uM NapN@alf the NaNQ@concentration of normdi2

medium). The bioreactor was run in continuous maih modified f/2 medium (440
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MM NaNQ) as the nutrient feed. The nutrient feed raténinl) was adjusted until the
cell density remained relatively constant (i.e. gjtsdeady state reached; rate of growth =
rate of cell washout). The following formula wased to calculate the steady-state cell

growth rate:

Steady State Cell Growth Rate (cells/min) = DilatiRate (ml/mink Algal Cell Density

(cells/ml)

1.4 L of the culture effluent (from System 2) wadlected. 700 ml of this effluent was
transferred to a 1 L modified Schott Duran® bo{8ection 2.3; bubbled culture) and the
remainder of the culture (700 ml) was transferced 2 L Erlenmeyer flask. The bubbled
cultures in modified Schott Duran® bottles simutageclosed photobioreactor setup for
System 2 (i.e. the second, lipid—accumulating, phafsthe bioreactor run) whilst the
non-bubbled cultures in Erlenmeyer flasks simulaggond setup for System 2. Both
bubbled and non-bubbled cultures were subjectedntdallumination intensity of 110
umol photons.i.s* with a 10:14 light-dark cycle and were maintaime@pproximately
25 °C. Growth (Section 2.5), lipid accumulatiore¢8on 2.7) and algal pigmentation
(Section 2.15) were monitored for 10 days.

When the ‘quasi-steady’ state was reached and egquate amount of effluent was
obtained for the second phase (1.4 L) the nitnapply in the nutrient feed was increased
to 880 uM NaN@ (normal NaNQ concentration iri/2 medium). The nutrient feed rate
(ml/min) was then adjusted upwards until the celhglty remained somewhat constant
(i.e. ‘quasi steady’ state reached for increasamgen). The resulting effluent was
cultured in bubbled and non-bubbled vessels foddy® and the cell concentration, lipid

yield and pigmentation were monitored as descrdien/e.
The process was repeated for 1760 uM Nal@Ouble the NaN@concentration irf/2

medium) and 1980 pM NaN@2.25 times the NaN£concentration irf/2 medium) and

the resulting effluent from the respective treatteevas cultured as stated above.
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9.2.2.4 Experiment 4 (16 L batch culture)

A batch PBR run was conducted to determine thatybil I. galbanato grow on a much
larger scale (16 L PBR as apposed to the 1 L sgdrgttles and 7 L PBR). For the batch
run only System 1 was used. 15f2 medium (prepared as in Section 2.1) was
inoculated with a 7 day oldsochrysis galbanaculture (inoculum concentration =
approximately 6.5 x 0cells). The system was illuminated at 186 pmatphs.nt.s*
with a 10:14 light-dark cycle and incubated at agpnately 25°C. Aliquots of the algal
culture were extracted every alternate day for celints (Section 2.5) and lipid yield

measurements (Section 2.7).

9.2.2.5 Experiment 5 (16 L continuous culture witlilow rate variations)

A 16 L, continuous experiment was conducted tordatee the influence of the flow rate
on the growth ofl. galbanaand the duration of the second phase. 1#2Lmedium
(prepared as in Section 2.1) was inoculated with, I7 day oldl. galbana culture
(inoculum concentration = approximately 1.5 x'°16ells). The cells were allowed to
grow for 4 days in batch culture (System 1). THRPwvas illuminated at 186 pmol
photons.rif.s* with a 10:14 light-dark cycle and incubated atragpmately 25°C.

On day 4 the bioreactor was switched to continunade. The nutrient feed consisted of
freshly prepared/2 medium (Section 2.1). The initial flow rate wag4 ml/min. The
flow rates were then increased to 2.16, 3.59 a®8 Bil/min respectively. Each flow rate
was maintained for a day and the resulting efflwess transferred to a 500 ml modified
Schott Duran® bottle (bubbled) and 2 Erlenmeyeskita(non-bubbled). The bubbled
cultures in modified Schott Duran® bottles simulageclosed photobioreactor setup for
System 2. One of the cultures in Erlenmeyer flaglas kept on an orbital shaker
(maintained at 90 RPM) which simulated a racewaypsdue to the slight agitation and
the other was left on the culture shelf which siedl a pond setup for System 2 since
the culture was not agitated. All effluent culsireere subjected to an illumination
intensity of 110umol photons.rif.s* with a 10:14 light-dark cycle and were maintained
at approximately 25 °C. Growth (Section 2.5),digiccumulation (Section 2.7), algal
pigmentation (Section 2.15) and the culture pH weoaitored for 14 days.
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9.3 RESULTS AND DISCUSSION

9.3.1 Comparison of microalgal growth in up-scale@®BRs (batch cultures)

Isochrysis galbanavas grown in batch culture in both the 7 L and 16°BRs to
determine if upscale in volume of the PBR system dwa impact on algal growth and
lipid accumulation dynamics. Growth proceeded lsirtyi in both cultures with a distinct
lag, exponential and stationary phase (cf. FigArsand 9.3) however the rate of growth
was higher in the 7 L PBR than in the 16 L PBR (@&h3). Furthermore, the growth
rate ofl. galbanacultured in modified 1 L Schott® bottles was gegdhan that observed
in cultures grown in both the PBRs tested (TabB 2. L Schott® bottle data from
Chapter 3). Hence, the ratelafjalbanagrowth is inversely proportional to the volume
of the culture vessel.

PBRs can be up-scaled by increasing the tubes thantesight or both (Molin&t al,
2000; 2001). The increase in the diameter of PRRalts in a decrease in the surface
area to volume ratio thus reducing the exposurthefindividual cells to the incident
light as the density of the algal culture increagesl-cell shading; Xuet al, 2009).
Increases in the PBR height may result in a deergashe gradient of carbon dioxide
between the gas entry and exit points which wouoladsequently result in the starvation
of cells closer to the gas exit due to the comptetiesumption of all carbon dioxide
closer to the gas inlet. Furthermore, increasakdrength of the PBR may also result in
the retention of large amounts of oxygen which hitki photosynthesis when in excess
due to photoxidation (Xet al., 2009). The volume of the PBRs used in the present
study were increased by enlarging both the heigtitdhameter in an attempt to decrease
the effects of the individual changes. The redurctn the growth rate with respect to the
PBR size could be an accumulative effect of boththight and diameter increases i.e.
due to both carbon dioxide and light limitation. urfhermore, with increasing
photobioreactor volume the mass flow dynamics andnighrates may have impacted on

cell growth rates due to limitations in the gastetge and nutrient supply rates.
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Regardless of the variations in the rates of grawéhfinal cell yields in both PBRs and
in the 1 L modified Schott® bottles were similaeflveen 7500 and 8000 cells/ul in all
vessels; cf. Figures 9.2, 9.3 and 3.2; ChapterT3)s implies that growth cessation was
not in response to growth-limiting levels of light carbon dioxide and was most
probably induced by nutrient depletion, more spealify nitrogen depletion (Chapter 5,
6 and 7).

Elevated levels of lipid accumulation (> 30% w/wgne only observed during the late-
stationary phase (Figure 9.2) in the up-scaled PBRA&is differed froml. galbana
cultures in 1 L modified Schott® bottles where dipgccumulation was initiated in the
early stationary phase and lipid levels exceedeth 30w during the mid-stationary
phase (Chapter 3; Figure 3.2). Low levels of lipatumulation in up-scaled PBRs may
be a consequence of the reduced light and carloxidéiin the PBRs which are essential
components for lipid accumulation (Ratledge and €&t2008; da Silvat al, 2009).
During the stationary phase the cell density ithathighest level. As the concentration
of cells in the PBR increases an exponential dser@a the light intensity is prevalent
due to cell-shading effects (Chehal, 2011). The elevated concentration of cells woul
also require much more carbon dioxide. Similahtlignd carbon dioxide-limitation
effects, due to increases in the cellular concéatramay have resulted in the slightly
diminished rate of growth from day 6 to 12 (in campon to day 4 to 6 when cell

concentrations were lower) in the 16 L PBR batdtucel (Figure 9.3).

Lipid levels started to rise when the cellular camtcation declined in the 7 L PBR
(Figure 9.2). The decline in the cell concentratieas as a result of the rapid clumping
of cells as the stationary phase progressed hemes ffree cells were left in the culture
medium. Thus, the cells in suspension were exptmsstightly elevated light levels due
to a decrease in cell-shading effects. An increastne exposure to light may have
supplied adequate energy for lipid accumulatiomnltesy in the lipid increase observed

in Figure 9.2.
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Figure 9.2 Isochrysis galbanagrowth curve showing the cellular concentrationl dipid content

observed over 18 days of culture in a 7 L airl&Pmaintained under batch conditions
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Figure 9.3 Isochrysis galbanaggrowth curve showing the cellular concentrationl dipid content
observed over 18 days of culture in a 16 L aiRBBR maintained under batch conditions
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Table 9.3: Measurements of growth bfjalbanain PBRs with varying volumes

System volume Growth rate Divisions per Generation time (days)
L) (cells/ul/day) day (div/day)

1 0.3320 0.4789 2.0880

7 0.2570 0.3707 2.6975

16 0.2295 0.3311 3.0202

" Data from Chapter 3

9.3.2 Seven liter batch cultures with varying lighintensities

The PBR batch culture experiments (Section 9.3etified that up-scaling the system
used for the culture df galbanaaffected the rate of growth and this was attributed
limitations on light intensity, carbon dioxide siyppr both. The light intensity received
by each cell is affected by the culture densityuniérous studies have shown that the
light intensity used in PBR systems have a siganficeffect on microalgal growth rates
and eventual biomass concentrations (Wijanatkal, 2008; Meirele®t al, 2008; Yoon

et al, 2008). The present study was aimed at detemgpirfi variations in the light
intensities, during the course of algal growth atdh culture, had a positive effect on the

rate ofl. galbanagrowth and final biomass vyield.

An initial PBR run, with an illumination intensityf 720 umol photons/ffs, resulted in
an extensive lag phase (approximately 12 days agaced to 4 days with decreased
illumination batch PBR runs; Figure 9.4). Duririgtearly stages of growth the culture
density is very low and light penetrates through #ntire algal culture in the PBR
ensuring that all cells receive adequate lightllevaVhen these light levels exceed the
requirements of the cells the photons of light moe completely used and get dissipated
resulting in energy losses (Luo and Al-Dahhan, 2004s the illumination levels
increase further photosynthesis is inhibited du@hoto-inhibition (Adiret al., 2003).
Thus, the extended lag phase was probably a resydhoto-inhibition effects on the
cells, especially since the cells had not beenapgepted to high light intensities.
However as the cell numbers increased a rapid expi@h phase was observed (Figure
9.4) and the growth rate exceeded that observebdatoh cultures grown under an

illumination intensity of 186 umol photonsiis (Table 9.4). This implies that high cell
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densities (exponential phase) require an elevagbd intensity, to achieve high growth
rates, as apposed to low cell densities (lag phake)ye such elevated light intensities

initiate photo-inhibition.

Regardless of the elevated growth rate in the @itjpown under 720 pmol photoné/m
(in comparison to the culture grown under 186 pivbtons/m/s), the final cellular
yield was much lower than that observed in the uceltgrown under 186 pmol
photons/rys (Figure 9.4). The reduced cellular yield caoédin response to the damage
of the photosynthetic apparatus of some of thes ¢glduced by inhibitory levels of light)
preventing further growth and division. It could@lbe attributed to the consumption of
the nutrients in th&2 medium by contaminating bacteria etc. (non-axeuoltuces were
used as inoculum) during the extended lag phasaltirgg in limited nutrient levels being

available for algal growth when the exponentialggheas finally reached.

In an attempt to decrease the lag phase, in theureulgrown under 720 pmol
photons/m¥s, but retain the rapid growth (observed during éxponential phase) two
light intensities were used over two stages . Trigal intensity was 215 pmol
photons/mys for 6 days (till the end of the lag phase angiriéng of exponential phase)
followed by 750 pumol photonsffs for the remainder of the experiment. A decréase
initial light intensity resulted in a decreaselie duration of the lag phase (in comparison
to the culture grown under 720 pmol photorféém Figure 9.4) which lasted
approximately 4 days, which is beneficial. Howeatter day 6, when the light intensity
was increased, in an attempt to increase the graaeh a slight lag was observed (Figure
9.4). This may be as a result of the time takeritfe cells to adapt to the large increase
in illumination intensity (750 umol photonsifs). The dual light intensities still resulted
in a greater growth rate than both the single ligkgnsities tested (Table 9.4) proving
that sequential changes in light correspondincheogrowth stage df galbanahas an

overall positive effect on growth.

To further test this proposal another set of ligitensities was tested consisting of three

changes or three steps in the illumination intgngi215, 361 and 750 pmol
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photons/m¥s). The gradual increase in the light intensii@slight changes) did not
result in the slow down in cell growth rate dueaiaptation responses to large step
increases in the light intensity as observed in thve step light intensity change
experiment (Figure 9.4). The maximal cellular gigi the 186 umol photonsffs, two
step and three step light intensity increasesdestre all similar (Figure 9.4) implying
that gradual changes in the light had no effecttlen final biomass yield, but only
effected the time interval required for the achraeat of the final biomass. Sequential
alterations in light intensities with respect t@ trowth stage of. galbanacan reduce
the duration of the PBR run (due to increased dgnaates) resulting in cost reductions.
Furthermore, initiating PBR runs at lower light eénsities would also prevent

unnecessary energy losses thus optimizing lightatiion and costs.
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Figure 9.4 Isochrysis galbanagrowth curves showing the effect of varying lightensities on
cellular concentration when the alga was grown ifhlaPBR, under batch conditions. Circled
points depict points of changes in light intensitigey units: pmol photons/fs)
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Table 9.4: The effect of varying light intensities on the rafd. galbanagrowth and

maximal cellular yields

Light Intensity (umol Growth Rate Divisions per day Generation time
photons/nt/s) (cells/ul/day) (div/day) (days)
186 0.257 0.371 2.698
720 0.278 0.401 2.494
215/720 0.301 0.423 2.354
215/361/720 0.355 0.512 1.953

9.3.3 Seven liter continuous culture with varyingévels of nitrogen

The concentration of nitrogen in the culture medhas a definitive effect oh galbana
growth and the stationary phase was initiated bsogen starvation in most instances
(Chapter 5). System 1 is the biomass accumulativage of the two-phase PBR setup
and System 2 is for lipid accumulation. Attempmtsrtaximize the cellular concentration
in System 1 are important because a greater celjidld will reduce dewatering costs.
Since maximal cellular yields were achieved in @t medium containing elevated
nitrogen levels (Chapter 5) a continuous experimerg conducted with increasing levels
of nitrogen in the medium influent to determin¢hié nitrogen concentration has an effect
on the steady-state cell growth rate in Systenttie effluent was transferred to multiple

growth vessels (System 2) to monitor lipid accurioifa
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Figure 9.5: Michaelis-Menten curve showing steady state celvgin (velocity) versus nitrate

concentration (substrate concentrationl. gialbanacells grown under continuous conditions.

The maximum steady-state cell growth rate was agpmeately 6500000 cells/min
produced per total bioreactor volumey Figure 9.5). The growth rate increased as the
nitrogen concentration in the influent increasedl v80 uM sodium nitrate was fed
into the system (2 X the sodium nitrate levelf/&y medium; Figure 9.5). At sodium
nitrate concentrations of 1780 uM and greater @lieg out of the growth rate was
observed indicating nitrogen saturation and thheoparameters such as light, carbon
dioxide or phosphate became limiting. Hence, sugh N levels (>1780 uM sodium
nitrate) are disadvantageous since it does not @mrmlgal growth and nitrogen is
merely ‘washed-out’ from System 1 into System 2s{aonplications). Furthermore,
elevated N levels in System 2 are unfavorable skbystem 2 is the growth-limiting

system and should promote lipid accumulation, notvgh.

The effluent from System 1 was transferred to bedbbhnd non-bubbled vessels
simulating a closed PBR and an open pond setuisystem 2, respectively. Ideally,
System 2 should run over a short duration and résuhaximal lipid yields to ensure
that the culture process is cost effective. Ibpened pond setup is used as System 2 the
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cost implications of the duration of the secondsghaun is not as high as a closed PBR

would be but the run duration is still limited byaporation of the medium, which would

affect culture salinity, and contamination risks.
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Figure 9.6: Bubbled (bubble colum —*—) and non-bubbled (por

) I. galbanabatch cultures obtained

from the effluent of System 1 of the continuous PBRt was supplemented with 440 uM sodium nitratbe

cell concentrationX), lipid content B), chlorophyll a contenfC) and carotenoid to chlorophyll rati®) were

monitored. Error bars represent standard devidtion3).
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Figure 9.7: Bubbled (bubble colum —*—) and non-bubbled (por —

) I. galbanabatch cultures obtained

from the effluent of System 1 of the continuous PBRt was supplemented with 880 uM sodium nitratbe

cell concentrationX), lipid content B), chlorophyll a contenfC) and carotenoid to chlorophyll rati®) were
monitored. Error bars represent standard devidtion3).
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The concentration of nitrogen in the medium influeras directly proportional to the
time of the initiation of the stationary phase iystém 2 (e.g. the second-phase culture
with the least nitrogen [440um sodium nitrate] resatthe stationary phase the quickest
[day 6] in comparison to all other nitrogen treatse[cf. Figures 9.6 A to 9.9 A)).
Hence, the stationary phase in System 2 was mao&taply a direct consequence of
nitrogen starvation. The maximal cell yields, Ihbabbled cultures, were much greater
than that observed in the non-bubbled culturesufeg 9.6 — 9.9). This is not surprising
since non-bubbled cultures would experience cartioxide limitation effects which
include lower levels of growth and lower lipid ydelvhich was also observed when
comparing bubbled and non-bubbled cultures (Figaré® — 9.9 B).
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Lipid production was only observed during the siadéiry phase in all the cultures
(Figures 9.6 B — 9.9 B). This observation was nmadeimerous studies ¢gochrysissp.

In these studies the protein content was elevateithgthe exponential phase and lipid
content increased during the stationary phase (Brewal, 1993; Zhuet al, 1997b;
Fidalgo et al, 1998; Phatarpekast al, 2000). Lipid production was in response to
stresses induced by the depletion of internal géro reserves which were only
experienced from day 6 onwards (Figure 9.6). Heiidbe nitrogen concentrations that
were tested (440 um to 1980 um sodium nitratejabe used, in the culture influent, an
additional 6 days or more (corresponding to théahnitrogen concentration in the
influent) of the second phase of the PBR systemldvibave to be carried out to increase
growth and lead to the initiation of lipid synthesiFurthermore, an additional number of
days would be necessary to increase the lipid yeeligh enough levels for maximal oil
extraction. The minimum duration of the second sghdearliest initiation of the
stationary phase and lipid accumulation) was erpegd by the culture that was grown
with 440 um sodium nitrate (Figures 9.6 A and B} this treatment also resulted in the
lowest steady-state cell growth rate (Figure 9% the final cell yield in the second
phase was less than half that observe in all atlieygen treatments tested (cf. Figures
9.6 Aand 9.7 — 9.9 A). Thus, the tradeoff betweelhgrowth and lipid accumulation is
highlighted here.

The pigmentation of all the cultures followed a ig@mtrend (Figures 9.6 C & D -9.9 C
& D). An increase in the carotenoid to chlorophsdtio was observed during the
stationary phase when the cells were nutrient sttes A decrease in the chlorophyll
content was also evident indicating that chloroptwds either used as a nitrogen source
when N levels became limiting or the chlorophyllsaegraded in an attempt to decrease

photosynthetic rates during growth-inhibiting cdrafis.

Non-bubbled cultures would be beneficial in thaw@uld reduce energy costs however,
as evident in the above graphical representatibiggie 9.6 — 9.9), the disadvantages
associated with the non-bubbled system drasticaitweigh the energy saving since both

the cellular and lipid yield are lower in thosetaugs.
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An increase in the nitrogen fed into System 1 hgseat impact on the duration of the
second phase of the bioreactor system (Figures- 9.8). An increase in the nitrogen
concentration results in an increase in the evémioanass yield however it also results
in an increase in the duration of the second phasevhich has cost implications. Thus
a balance between the variables needs to be adhiéMee optimal range of nitrogen to
be used for the continuous culture lofgalbanais between 880 to 1780 pum sodium
nitrate. Levels below this range result in redwtdi in final cellular yield and levels
above result in nitrogen saturation effects (Figtu®). Regardless of the lower stead-
state cell growth wheh galbanawas grown in medium supplemented with 880 pum
sodium nitrate, in comparison to the other treatsiemith higher levels of nitrogen
(Figure 9.5), the eventual cell yield in the secq@mése mirrored that of the treatments
with elevated nitrogen levels (cf. Figures 9.6 2.9 A). This coupled with the earlier
onset of the stationary phase and the earlieatioti of lipid synthesis (cf. Figures 9.6 A
& B — 9.9 A & B) makes the 880 um sodium nitrateatment (normal sodium nitrate
concentration inf/2 medium) ideal in terms of cost reductions (ledsogen than the

other higher treatments used) and the reducedioir@itthe second phase run.

9.3.4 Sixteen liter continuous culture with flow rae variations

The ideal concentration of nitrogen in the cultamedium, when running the PBR in
continuous mode, was shown to be 880 pm sodiurataifSection 9.3.3). The present
experiment was aimed at determining the optimal ftate when. galbanawas grown

in f/2 medium supplemented with 880 um sodium nitrate.
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Figure 9.10: Growth curve showind. galbanagrowth, lipid accumulation and medium pH
when cultured in a 16 L PBR. Circled points intcawitches from batch to continuous mode at
flow rates of 1.44, 2.16, 3.59 and 5.03 ml/min extively. The culture was maintained in batch

mode after 173 hours.

I. galbanacells grew rapidly when cultured in batch mode (Fgy9.10; 0 — 96 hours).
Rapid growth continued even when continuous modeiniiated implying that cellular
washout had little effect on the eventual cellylsld during day-time conditions (i.e.
cell division exceeded culture washout). But, tityime drops in the cell concentration
were observed (e.g. Figure 9.10; 103 — 120 hourse absence of light at night results
in up to 25% biomass losses (Chisti, 2008). Hettwe,sudden drops in cellular yield
during the night may be attributed to biomass lpsdee to the washout of cells in
continuous runs. The erratic stationary phaseauleellyield observed when the system
was run in batch mode after 173 hours was attrebtdeapid clumping and de-clumping
of cells (Figure 9.10). The lipid yield increasas the batch culture aged due to the
storage of lipids as an energy source under undéeconditions (Figure 9.10). The pH
of the culture medium remained somewhat constaatitfhout the PBR run highlighting
the buffer capacity of seawater. The culture efiluobtained after alterations in each
flow rate was collected and grown in a ‘seconddli@gccumulating phase’.
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Figure 9.11: Bubbled (bubble colum —#—) and non-bubbled (raceway [shak_—*—and pond [still], )
|. galbanabatch cultures obtained from the effluent of Systenf the continuous PBR with a flow rate of 1.44

ml/min. The cell concentratiorA}, lipid content B), chlorophyll a contenfC) carotenoid to chlorophyll ratio
(D) and pH E) were monitored.
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Figure 9.12: Bubbled (bubble colum —#—) and non-bubbled (raceway [shak —*—and pond [still], )
I. galbanabatch cultures obtained from the effluent of Sysfenf the continuous PBR with a flow rate of 2.16

ml/min. The cell concentratiorA}, lipid content B), chlorophyll a contenfC) carotenoid to chlorophyll ratio
(D) and pH E) were monitored.
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Figure 9.13: Bubbled (bubble colum —#—) and non-bubbled (raceway [shak —#*—and pond [still],

I. galbanabatch cultures obtained from the effluent of Sysfenf the continuous PBR with a flow rate of 3.59

)

ml/min. The cell concentratiorA}, lipid content B), chlorophyll a contenfC) carotenoid to chlorophyll ratio

(D) and pH E) were monitored.
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Figure 9.14: Bubbled (bubble colum —#—) and non-bubbled (raceway [shak_—*—and pond [still], )
I. galbanabatch cultures obtained from the effluent of Sysfenf the continuous PBR with a flow rate of 5.03

ml/min. The cell concentratiorAf, lipid content B), chlorophyll a contenfC) carotenoid to chlorophyll ratio
(D) and pH E) were monitored.
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The effluent from System 1 was maintained in vest®ht simulated a bubble column,
raceway system and pond (representing System B)ob&ervation of interest that was
noted in the bubble column vessels was that thestay phase was initiated earlier in
the cultures with a lower dilution rate and vicesze(Figures 9.11 A — 9.14 A). As the
dilution rate increases (increase in addition @fslr medium) so to does the cellular
washout. This washout consists of the cells andiume containing the nutrients that
have not been taken up by the cells. Hence, &t diigtion rates nutrients that stimulate
algal growth and division are transferred to Systeitihus prolonging the exponential
phase of growth. Ideally, System 1 should be tloevth chamber where nutrients are
taken up and maximal biomass is produced. Thematton of growth in System 2 is

undesirable since this would increase the duratiothe System 2 run which has cost
implications.

The biomass yield in the raceway and pond setups meach lower than that observed in
the bubble columns (Figures 9.11 A — 9.14 A). Tikimost probably a consequence of
the low levels of carbon dioxide in both the pond aaceway setup in comparison to the
bubble columns. Aeration in the bubble column asows for the mixing of the culture

ensuring that all cells get exposed to the lighirse. Light and carbon dioxide are

essential for both growth and lipid accumulatiomhe raceway setup is continuously
agitated hence it is expected that the levels dfaradioxide and the exposure of cells to
the incident light would be greater in this systdman in the pond system where the
culture was kept still. If the argument substamgthe increased levels of growth in the
bubble column is valid, than the levels of growththe raceway setup should be higher
than that evident in the pond setup. However ofy@osite was observed when the PBR
was run at all flow rates (Figure 9.11 A -9.14 A)his was merely a consequence of the
rapid clumping of the cells (due to continual tins between the cells and clumps) in

the raceway setup hence only the free-swimming cellhe medium were enumerated.
The lipid levels were the highest in the bubblauomts and the lowest in the pond setup.

Cells cultured in the raceway setup demonstratesirirediate lipid levels (Figures 9.11

B — 9.14 B). This is not surprising since carbavxile and light are necessary for lipid
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accumulation and, as mentioned previously, the leubblumn provides the most light
and carbon dioxide and the pond the least. Thatioin of lipid accumulation was a
direct consequence of the flow rate where it wésated earlier in cultures with a lower
flow rate and vice versa (Figure 9.11 B — 9.14 Bhis observation is expected since
lipid is accumulated in response to stress andsthess is imposed later in cultures with a

higher flow rate.

The pigmentation of all cells showed a pattern =best with algal growth where the
chlorophyll content increases when growth is maxkiamal than decreases in response to
stress (Figures 9.11 C — 9.14 C). An increase enctirotenoid to chlorophyll ratio was
also noted in all treatments which is indicativeatgfal stress (Figures 9.11 D — 9.14 D).
The initial increase in the culture pH in all treaints and at all flow rates was expected
since rapidly growing cells fix carbon dioxide whicesults in the alkalization of the
culture medium (Clark, 1999; Figures 9.11 E — 9E)4 A decrease in the pH in all
treatments followed but this decrease was much npoomounced in the bubbled
columns than in the raceway and pond setup (FiguEs E — 9.14 E). This is due to
higher levels of carbon dioxide in the medium irbbled columns and as the cells age

less carbon dioxide is taken up hence the pH ofrtbdium decreases rapidly.

This study proved that lower flow rates are preféras these would reduce the duration
of the second phase run (cost implications). Maxicellular and lipid yield were

obtained when System 2 was a bubble column as egpos pond or raceway.

9.4 CONCLUSION

Numerous variables need to be taken into considerathen attempting to optimize a
PBR system. The effect of variations in the sifghe PBR, light intensities used,
nitrogen concentration and the flow rate were teste this study. Multiple light

intensities were proven to increase the rate ofvtiro An increase in the sodium nitrate
concentration in a continuous PBR system was showincrease the steady-state cell

growth rate however it also resulted in the inoeemsthe duration of the second lipid
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accumulating phase of the bioreactor run. SinyiJaah increase in the dilution rate used
also resulted in concomitant increases in the duraif the second lipid-accumulating
phase which has cost implications. Further optin and scale-up of the continuous

system is necessary to achieve economic viability.
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CHAPTER TEN

Summarising Discussion & Conclusion
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Microalgae may be used as a feedstock for numepoaducts including biohydrogen
(Akkermanet al, 2002), polyunsaturated fatty acids (Apt and Bakr 2006; Spolaoset

al., 2006), pigments and proteins (Bermuéeal, 2004). Microalgae may also be used
for the bioremediation of environmental pollutariMehta and Gaur, 2005; e.g. for
carbon dioxide capture; Vunjak-Novakowtal, 2005; Brown, 1996). The focus of the
current work was on the synthesis of lipids by matgae. These lipids would be used as

a feed for biodiesel production.

Microalgae have been considered for biodiesel prooin due to the numerous desirable
attributes associated with these micro-organismAsfew amongst these include their
rapid growth rate, their simple cellular structutes capability to produce large amounts
of lipid and the ability of microalgae to thrive iaw-cost water (e.g. wastewaters and

brackish water) or seawater (Um and Kim, 2009).

In the current study a selection of microalgal sgeovere screened and a model
organism for biodiesel production was chosen amdtified. Initial experiments were
conducted to unravel the response of the modeln@gato varying growth conditions
(nitrogen supply) in an attempt to better undedtdre biology of the selected species.
Cost-reduction experiments for the mass culturethef model organism were then
conducted. Cell harvesting approaches and massl ggaduction in various

configurations of a PBR were also tested.

10.1 Screening, selection and identification

Three microalgal species were selected as candidatethe screening process (i.e.
Platychrysissp., Isochrysissp. and Pleurochrysissp). Upon culturing of the various
species it became evident tHallatychrysissp. has a tendency to stick to the culture
vessels thus forming an obstruction to light peatetn which causes an unwanted energy
loss. HencePlatychrysissp. was eliminated from the screening process. nWhe
Isochrysissp. andPleurochrysisp. were compared it became apparent tbathrysissp.
was superior in terms of its growth rate, lipid Igieand lipid productivity. Hence
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Isochrysissp. was chosen to be used as the model organism asdused in all

subsequent experimentation.

A dual method of microalgal identification was usédl ensure the definitive,
unambiguous identification of the species (morpbmial and molecular methods). The
morphological methods proved that the speciesdead a member of the Haptophyta
division and presumably a strain lofgalbana Molecular methods provided evidence
that the isolate belongs to Clade C of the clagmResiophyceae and is certainly a strain
of Isochrysis galbanand was henceforth termésbchrysis galbanatrain U4 (U4 was
the title of the culture in the culture collection)

10.2 Effect of nitrogen supply orl. galbana U4

A better understanding of the biology lofgalbanaU4 was imperative to develop ways
to optimize the lipid production and growth capdieis of the species. An initial
experiment was conducted where algal growth, pigatem and nitrogen uptake
abilities were monitored when the alga was culturechormal f/2 medium andf/2
medium lacking any external nitrogen source. TExperiment proved that nitrogen is
essential fol. galbanagrowth and that this species was capable of luktinptake and
storage. Hence, the intracellular nitrogen contdetermines the rate of growth,
commencement of the stationary phase and initiaifdipid synthesis if. galbanaU4
when ambient N is depleted. It was also deduced the pigment concentration
(chlorophyll content and carotenoid to chlorophgtio) is strongly related to the nutrient
status of the culture.

Observed ultrastructural changes that were indidtg nitrogen starvation included the
production of numerous large cytoplasmic and plétiipid bodies, the reduction in the
size of the pyrenoid, plastid degradation and tren&tion of masses in the nucleus
(presumably heterochromatin). The distinct ondetippd accumulation only in the
stationary phase verified that this species wasleal candidate to be used in a two-
phase PBR system where the initial phase was eitragfficient, promoting maximal

biomass production and the second phase was rtdieptete to boost lipid synthesis.

214



Since nitrogen was proven to be the key nutrienblired in the initiation of the
stationary phase, the effect of varying nitrogerele onl. galbanalipid yield, biomass
productivity and lipid productivity were tested. s/Aexpected, an inverse relationship
between the lipid yield and biomass productivityswabserved, however the lipid
productivity was not constant throughout the c@tperiod. This was attributed to the
greater influence of lipid yield than biomass pretkity on lipid productivity. The lipid
productivities were observed to be maximal durihg early stationary phase and
declined towards the late stationary phase whea tipased to accumulate. Thus, it was
shown that the precise timing bfgalbanaharvesting (during the stationary phase) has a

great impact on the final lipid yield.

10.3 Cost optimization forl. galbana mass culture

Cost reductions for algal culture are imperativetfee successful commercialization of
the mass culture process. In an attempt to redoses the growth of. galbanain
medium supplemented with various nitrogen sourceeiested. It was concluded that
I. galbanagrew well in medium supplemented with urea whichaiselatively cheap
source of nitrogen in comparison to all the N searthat were tested. Hence urea is the
preferred N source in the scale-up, commercialucelltprocesses for this particular

species.

Phosphorus was another essential nutrient for gigatth that has been neglected thus
far. 1. galbana growth in medium supplemented with varying phospher
concentrations was tested. The study proved tmatR deficiency threshold fdr
galbanalies below 0.25 ppm P (quarter the P concentratidi®2 medium). I. galbana
was capable of growing at the same rate and produbie same amount of lipid when
cultured in quarter the amount of Pfi@ medium as it is when grown in 1.5 times the
amount of P inf/2 medium. Reducing the concentration of P in theucel medium
would contribute to cost reductions and also prewxtessive P from promoting the
growth of contaminating organisms. The luxury Wptaf P byl. galbanawas also noted

in this study.
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10.41sochrysis galbana dewatering processes and mass culture
Isochrysis galbanavas successfully flocculated by increasing theucaltpH but cells
flocculated automatically in bubbled cultures, whis beneficial since this method does

not require the addition of chemicals (cost recuns).

7 L and 16 L PBR systems were tested for the massre ofl. galbana The increase in
the volume of the PBR resulted in a concomitantekese in the algal growth rate which
was attributed to limitations on the carbon dioxastel light supply upon system upscale.
Sequential stepped increases in the light intemsitgsponse to the stage of algal growth
increased the growth rate lofgalbana. A continuous run of the PBR with varying levels
of nitrogen in the influent showed that the steathte cell growth rate increased as a
function of the nitrogen input until inhibitory vels were supplied. Greater levels of N
in the influent had a positive effect on the calhcentration in System 1, of the two-
phase culture, but negative effects on System 2revgreater N input levels prolonged
growth in what should be the lipid-accumulatingteys. A comparison between the
System 2 ‘pond’ and ‘bubble column’ setup proveat thhe bubble column was the most
promising in terms ofl. galbana final cell yield and lipid accumulation abilities.
Similarly, the growth ofl. galbanain a continuous PBR system run with varying flow
rates showed that increases in the flow rate pgadrthe culture run in System 2 (cost
implications). Here, a ‘pond’, ‘raceway’ and ‘bubelcolumn’ setup for System 2 were
tested. Again, the ‘bubble column’ setup represetihe ideal System 2 configuration in

terms ofl. galbanafinal cell yield and lipid accumulation abilities.

10.5 Conclusion

Overall, this study proved thdt galbana is a promising candidate for biodiesel
production. The variables that have an implicatmm the growth rate and lipid
production tested in this study included nitrogewvels and source, phosphorus levels and
the light intensities used. Numerous other vaegbhay be analysed in future studies,
including the carbon dioxide supply and temperatufaurthermore, one of the most
relevant future studies should be based on thg &tid profile ofl. galbanaU4 to

determine if the lipid produced by this speciefeasible for biodiesel production.
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A simplified PBR system has been designed anddestéis system has much potential
for further design improvement that would aid intioyizing the system. Since the
growth rate ol. galbanawas influenced by the upscale of the PBR systessiiggested
that the system should not be upscaled furthemamtple small units should be used in
an industrial setup. I galbanais to be mass cultured, the cost of the processean
minimized by implementing the cost reduction apphes (reduced P concentrations and
the use of urea as a N source) that have beensdmsgyreviously. Further optimization
of the PBR would lead to more cost reductions whigdly result in a commercially

viable system.
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APPENDIX

Preparation of f/2 enriched seawater medium (Guillard and Ryther, 198)

The following was added to 1L seawater:

NaNG; 0.08g
NaH,PQ, * 2H20 0.005¢g
Microelement Solution Iml
Vitamin Solution Iml

Stock solutions were made as follows:

Microelement Solution

The following was added to 1L seawater:

3.150g FeGl* 6H20
4.160g NaEDTA

0.180g MnC} * 4H20
0.010g CoGl* 6H20
0.010g CuS@* 5H20
0.022g ZnSQ@* H20
0.006g Na2MoQ@* 2H20

Vitamin Solution

The following was added to 1L seawater:

0.5mg Biotin (Vitamin H)
100mg Thiamine HCI (Vitamin B1)
0.5mg Cyanocobalamin (Vitamin B12)

Then the pH was adjusted to 8 witlkl INaOH or HCI
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DNA Extraction

e Seven day old culture was centrifuged at 1000 rom10© minutes to obtain a
significant amount of pellet.

e The pellet was then transferred to a 2 ml eppermwiiffresh media was added to the
2 ml mark to wash off the excess polysaccharides camtrifuged at 7000 rpm for
five minutes. The supernatant was than decanted.

e Glass beads were added to cover the cells and fneslia was added to the 0.5 ml
mark. The eppendorf was than immersed in liquidogen until the liquid was
frozen.

e 1ml of CTAB buffer (consisting of 1 g 2% CTAB, 409 1.4 M NacCl, 0.7305 g 50
mM EDTA and 0.788 g 100 mM Tris dissolved in 50 adtilled water) and 2 pl
mercaptoethanol was preheated in a 60 °C waterdvatha 1:1 ratio of the above
mixture was added to the frozen sample.

e The sample was than placed in a 60 °C water battvartexed intermittently for 30
minutes.

e 1 ml of chloroform:isoamyl alcohol (24:1) was added

¢ The eppendorf was than agitated for 20 minutesvie@d by centrifugation at 18 000
rpm for 5 minutes. The top phase was than traresféo a new eppendorf.

e The chloroform:isoamyl alcohol extraction step wapeated with the top phase
however the tube was only agitated for ten minutes time. The tube was
centrifuged for five minutes at 15 300 rpm and tibye phase was placed into a third
eppendorf. This sample was than placed on crusledd cool.

e -20 °C isopropanol was added to the sample to aehae2:3 isopropanol:sample
ratio.

e The sample was than placed in a -20 °C freezé&t(oninutes.

e Centrifugation followed at 15 300 rpm and the isganol was removed.

e 1 ml-20°C 80% ethanol was then added to the ejmqpeand the sample was left in a
-20°C freezer for 30 minutes.

e Centrifugation followed at 13 000 rpm for ten miesitand the supernatant was

decanted.
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e The remaining pellet in the eppendorf was left aight in a dessicator with silica
crystals to dehydrate.

e The following day the pellet was resuspended iubTE buffer and placed on ice.
Deionised Milli-Q water was than added to makehgwolume to 200 ul.

e This DNA was stored at 4 °C until it was used fORP

Gel Electrophoresis

Agarose Gel (50 ml)

Agarose (0.4 g for 0.8% and 0.5 g for 1%)
10 ml 5X TBE

40 ml Distilled water

Heat until agarose has completely dissolved andlasig| Ethidium Bromide

5X TBE

54 g Tris base

27.5 g Boric acid

20 ml 0.5M EDTA pH 8.0

Mix with 1 L distilled water and autoclave at 121 at 15 psi for 20 minutes

Electrophoresis Buffer

100 ml 5X TBE

900 ml sterile distilled water
2.5 pl Ethidium Bromide

Tracking dye

40% (WI/V) Sucrose in water
0.25% Bromothymol blue
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Loading instructions
5 ul DNA sample
1.5 pl tracking dye

5 pul molecular ladder

TE buffer

A 10 mM Tris-Cl (pH 7.5) and 1 mM EDTA was madednding 10ml 1 M Tris-ClI (pH
7.5) per L and 2 ml 500 mM EDTA (pH 8.0).

The stock solutions were made as follows:
e 1 M Tris (crystallized free base) was made by agldif.57 g to 0.5 L Milli-Q

water. The pH was decreased to 7.5 using HCI.

e 0.5 M EDTA was made by adding 18.6 g in 100 ml Mgl water. The pH was
increased to 8.0 using NaOH and the solution wageketo dissolve all the
EDTA.

Lugol’s solution

10 g potassium iodide was dissolved in 100 ml sfiltkd water.
5 g iodine crystals was slowly added to the sofuéibove, while shaking.

The mixture was than filtered and stored in a tigbtoppered brown bottle.
Spurr’'s Resin

10 g Vinylcyclohexane dioxide (VCD or ERL 4)0

60 Diglycidyl ether of polypropylene gifd®@ER 736)

26 ¢ Nonenyl succinic anhydride (NSA)
0.4g Dimethylaminoethanol (DMAE or S1)
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The first three ingredients were added first andest with a magnetic stirrer followed by
the addition of the S1 accelerator. The resin wastinually stirred with minimal

exposure to atmospheric moisture until it was used.
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