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ABSTRACT

Phytosterols are known to have cholestémalering, antiinflammatory, anti
cancerantiatherogenicneuromodulatory and neo-protective activitiesvhich has led
to theiruse in thepharmaceutical, rutraceutical and functional food industriéigher
plants are the current commercial source of phytostdPotgluction of lhe al obtained
from higher plants may not be ablekeep up with probable increasesphytosterol
demand Additionally, the extensive need for agricultural land and freshwater to grow
higher plants to obtain phytosterols is not sustainabté hence theresia need for an
alternate sourceMicroalgaeproduce phytosterolshat are reported to have the same
efficacy as those isolated from higher plamtgkingthis a potential alternative source of
these compound®revious studies have noted that phytostesatent and composition
in microalgae changes basen light, nutrient concentrations, salinity and temperature.
However, only a few studies have been carried out on microalgae focusing on the effects
of these culture conditions on the phytosterol confEhis information is essential to
assess the poteal of microalgae as an alternate commercial soafdbese important

compounds

Phaeodactylum tricornutumis known to produce phytosterols of
commercial interest such as brassicasterol and campesterol. In addition, the availability
of wholegenome sagence dataa putative sterol biosynthetic pathwagnd welt
established molecular techniqguavides a uniquepportunity to map changes i
tricornutumculture to changes in gene expressibms maked?. tricornutuma suitable

candidate for phytostelrproduction studies.

At present, the sterol biosynthetic pathwayPintricornutumhas been proposed

based on in silico analysis and is not fully validafete proposed biosynthetic pathway



indicates that enzymes deltarédudase and C2#esaturase ar@nvolved in the
conversion of ergosterol to campesterol and campesterol to bsassar@spectivelyA
methodology for determining the expression profiletlad two genes coding for the
enzymedlelta #reductase and C2®saturase was developed anddu®e monitoring.
To the best of my knowledgdnis is the first time that deltaréductasgene expression

in P. tricornutumhas beestudied

To understand the influence of various culture parameters such aaligtent
concentrations,salinity and temperaturefor improved phytosterol content inP.
tricornutum the culture wagrown under)white light andmonochromic red lighat 60,

160 and 26Qumol photonsm2.s?, b) nitrogen and phosphorus concentrations 2 (F) and
4 (2F) times highethanmodified F/2culture mediac) salinity levelsof 25 and 35 g.tt
NaCl, andd) culturetemperature of 15 and 25 C. The relative gene expression of delta
7-reductase and C2%esaturasevas also studiedor the variousnutrient and salinity

conditions.

The resilts indicated that thkght irradiance(60, 160, and 26Qumol photonsm
2,51, nitrogen and phosphorus concentrations (F/2, F an@r@Ffemperaturél5 and
25 £ 3°C) individually do not have anysignificantinfluence on the phytosterol content
of P. tricornutumCS-29/7. On the other hanghhytosterol conterif P. tricornutumCS-
29/7 when grow usingwhite light at 60 and 26@mol photonsn?.s? resulted ir8 times
higher phytosterol content than the cells growmder similatTmonochromaticed lighs.
Salinity levels (25 and 35 g:tNaCl)influence the phytosterol content®f tricornutum
with 52 % less phytosterol conteaitthe stationary phase of growth 35 g.L* than 25
g.L ! salinity. Also, an interactive effect afalinity (25 g.* NaCl) ard temperature (15
+ 3 °C) was observethatenhancd the phytosterol conterdt 75 timescompared tdhe
cells grown at 35 g.£ NaCl at 15 + 3 °CGrowth phasecan alsanfluence the phytosterol



content inP. tricornutum CS29/7. Under red light conditiors (60 and 260 pmol
photonsm?.s?), 3 - 4 times higher phytosterol content (n¢§.4FDW) was observed
when the culture progressed from log to stationary plaaséhe other handyhen grown
at35 g.L'! NaCl salinity, phytosterol contentvas observetb decease by halivhen the
culture progressed from log to stationary phaeassicasterol was the only sterol
identified in all the studies except salinity studidsere the presence of ergosterol was

alsodetected in both 25 and 35 ¢.NaCl conditions.

The expression of th€22 desaturase gem&asdownregulated when the nutrient
concentrations were increasecdhereas, the delta-réductase gene showed varied
expression at the log and late log phasesa#tr. Undeithe varioussalinity conditions,
both thegenes were upregulated when the salinity level was reduced to 25gd.l.

The results of the microalgal culture optimisation experiments and the enzyme expression
were then combinedSurprisingly, the expression of delta feductase and C22
desaturaswas not correlated to changes in phytosterol synthesis. This suggests that the

proposed biosynthetic pathwaymn tricornutummay need to be revised.

Considering all the culture paratees tested,it was found that salinity and
temperaturetogether were the most importantfactors for improving phytosterol
accumulationCulturing the algae under optimised ciiwohs of salinity (25 g.IX NaCl)
and temperature §1°C) in modified 2F media aB00 umolphotonsm?.s? resulted in
phytosterol content anmdaximum phytosterol productivity of 2.8 mggAFDW and 340

ug.Lt.day? respectively.
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CHAPTER 1

INTRODUCTION

Adapted f r @ nRandhi, nDamian W Laird, Garth Maker, Robert
Trengove, Navid Reza Moheimani (2020)Microalgae: A potential sustainable
commercial source of sterols. Algal Researcld6, 101772

1.1Significance of hytosterols

Cardiovasculadiseas€CVD) is one of heleadingcauses of death worldwigdeith
World Health Organisation (WHQ¥tordsreportng 15.2 million deathsvorldwide in
2016 (World Health Organization, 20)8Tobacco usagealecrease iphysical activity,
andunhealthy dieseverelyaffectsheart healttfWorld Health Organization, 20L8igh
blood cholesterol levels a prominentrisk facor for cardiovascular diseasesd is
relatively easy to measur&hus, strategies for lowering blood cholesteare at the
forefront of preventive measures to lower cardiovascular disease risk. Readd ttiond
cholesterol levetanbe achievedvith theuseof medicatios such astatinsbut, it is also
possible todo this by increasing the dietary intake of phytoster@ilaw, 2000. To
achieve a significant cholesteflowering effect, the recommended daily intake of
phytosterols is ithe order of 23 g (Trautwein & Demonty, 2007well above the average
daily intake for many with high cholesterol levels. For example, the average daklg int
of phytosterolsin the Australian community is only 1860 mg (National Heart
Foundation Of Australia, 20)&nd 200400 mgin Western dietgenerally(Jones et al.,

1997).

In order toincrease daily phytosteraitake the functional food industritas begun
to incorporatehese compoundsto various foods suchsspreads, mayonnasesalad

dressinggTrautwein & Demonty, 2007 milk, yoghurs, and beakfast cereal@National



Heart Foundation Of Australia, 20118 otal phytosterol per serving ranges between 0.02
to 2.3gin various commercially available fortified food produ@sigley & Haile, 2015%.
While plant sterol enrichedfoods are nota directsubstitue for hypercholesterolemia
medicationthey may assish loweringor controllingcholesterolevelsin peopledeemed

to havea high cholesterol risk

In additionto choleserotlowering effecs, phytostesls have also been reported to
have other health benefgsich asanttatherogenic, aninflammatory, anticancer(Luo
et al., 201% neuro modulatoryFrancavilla et al., 20)2and neuroprotective activities
(Rui et al., 201y. Of the myriad of pytosterolsbiosynthesisedy plants, éur have
attracted commercial interest in the pharmaceutimattaceuticaland functional food
industries (Figurel)campesterol (2&-methyl ¢ o | e s t -sitosterol) (240-ethy!
chol esterol ), s {Uetlgyin at®olester)lo dnd  raasicasterdl 4 42
methylcholest,22-dien3 kol) (Moreau et al 2003. All of these carbe producedy

microalgag(Table 11).

There are other sterols and sterol precursats commercialvalue that are not
currently sourcedrom higher plants. For examplergosterglthe major sterol in fungi
(Miller et al., 2012, is of interestas it is the precursor of Vitamin.vhich canthenbe
converted to vitamin Dand used asa dietary supplementFrancavilla et al., 2030
Ergosterol also exhibitxholesterol lowering propées (Francavilla et al., 2090
Squaleng(Figure 11), the precursor of all sterqgls also commercially important dsis
reported tademonstrat@ntioxidant properes andis known toimproveskin hydation,
resulting inits incorporaion into various cosmetics and skin care prod§&ganova &
Daum, 201) Squalengand its hydrogenated forsguabne, arealsoused for various
vaccineand drug delivery emulsiorffox, 2009. Shark liver oil iscurrentlythe primary

commercial source of squale(iorowitzka, 2013



Vegetable oils (corn oil, canola oil) and tall o{derived from wood pulppre
currentlyconsideredo bethe richest commeral sources of pjtosterols Howeverthese
sources may not be able to keep up with projeictectases imlemandBacchetti et al.,
2017). In 2015, theestimated globamarketfor phytosterols was$SD 490 million and
this isexpected togrow at a compound annual growth rate 62 % per year (Allied
Market Research, 20L7/Such a growth rate means the global market will aldosble
by 2022 toan estimated $SD 935 million. Due to the extensive need for agricultural
land and fresh watdo grow vasculamplants, obtaining phytosterols from vegetable oils
to meet this demand is naistainableThis creates aopportunity for micoalgae to be a
commercial,sustainablesourceof phytosterols, particularly if utilising species that can
be cultured in saline/nepotable water. However, the commercial production of
phytosteroldrom microalgasourcesas yet to be fully exploretlumeroussterolshave
been reporteffom microalgae (Patterson & Nes, 199¥olkman, 2016 but thispaper
focuses on, and discusses the potential,ahicroalgae as a sustainable sourceb-of

sitostero| canpesterol, brassicasterol, stigmasterol and ergosterol
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Figure 1.1: Chemical structures of the commercially important sterolsand precursors b-sitosterol,
campesterol, stigmasterol, brassicasterol, ergosterol dnsqualeme (Piironen et al., 200Q
Trautwein & Demonty, 2007%.



Table 1.1 Occurrence of commercilly interesting sterols (% w/w) in microalgae. Ppresence (only qualitative data reported); Aabsence
(qualitative data reported). Other sterols that are not of commercial significance may be present in these species but are not reported
here. See reviewby Patterson and Neg1991) Volkman (2016)and Rampen et al, (2010)for diverse range of sterols from microalgae.

Organism b-sitosterol Campesterol Stigmasterol Brassicasterol Ergosterol  Cholesterol References
Bacillariophyceae
Amphorasp. A P 88 A A A (Barrett et al.,, 1995 Gladu et al., 1991,
Ramperet 4., 2010
Naviculasp. 76 P A A A P (Gladu et al., 1991, Orcutt & Patterson
1975 Volkmanet al.,1993
Nitzchiasp. A 48 A A A P (Barrett et al., 1995 Gladu et al., 1991
Ramperet al.,2010
Phaeodactylum A P A 99 A A (Fabriset al., 2014 Gatenbyet al., 2003
tricornutum Ramperet al.,2010
Thalassiosira rotula 113 32.9
Thalassiosira 0.9 16.3 (Barrettet al.,1995
stellaris
Chlorophyceae
Chlorellasp. A A A 20 P A (Pattersonl974
Chlamydanonas A A A A P A (Brumfieldet al., 201y

reinhardtii



Dunaliellasp.
Haematococcus
pluvialis

Prasinophyceae

Tetraselmisp.

Eustigmatophyceae

Nannochloropsis
salina

Nannochloropsis
oculata

Haptophyceae
Isochrysissp.

Pavlova viridis
Chrysophyceae
Ochromonas danica
Porphyridiophyceae

Porphyridium
cruentum

2.2

99

4.9

35

80

75

92.2

(Francavilleet al.,2010

(Bilbaoet al.,2016

(Dunstaret d., 1993 Pattersort al.,
1993h Véronet al.,1998 Volkman 1986
Volkmanet al.,1994

(Mohammady2004 Véronet al., 1999

(Mohammady2004 Véronet al., 1998
Volkmanet al.,1981)
(Xu et al.,2008

(Gershengorast al., 1968

(Durmazet al.,2007
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Cryptophyceae
Rhodomonas salina

Thraustochytriaceae

Schyzochytrium
aggregatum

Shyzochytriunsp.
Cyanophyceae
Anabaena solitaria

Nostoc carneum

33
27.8

2.3

4.9

4.82

98.9

2.7

2.54

80.5

27.67

(Chenet al.,2011, Dunstaret al.,2005

(Lv etal.,2015
(Chenet al.,2014

(Haiet al.,1996 Kohlhases Poh| 1988
Rzameet al.,1994
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1.2 Advantages of using microalgae for phytosterol production

Microalgae hae been utilised for the production ofseveral biegproductssince
commercialisation first bem in 1960 in Japa(Borowitzka, 2018 These bieproducts
havebeenmainly usedin human and@mal nutrition,as components of cosmetiesd
as food colorants(Borowitzka, 2018 Spolaore et al., 2006Sustainable phytosterol
productionaims atcosteffective productiorof phytosterolsvith minimal useof natural
resouces Many authors considerionoalgaeas thepre-eminentalternative to higher

plants forsustainablg@hytosterol productioriThe main arguments for that optimism are

1 faster growth rate, increased productivity and more efficient use of nutrients
compared to terrestrial plan@®orowitzka & Moheimani, 2013

1 microalgae are e#dg cultivable on land unsuitable for agriculture
(Borowitzka & Moheimani, 201,3Viata et al., 2010

7 cultivation can be achieved wmvater not suitable for human consumption
(Borowitzka & Moheimani, 201;3Mata et al., 2010

1 the diverse range of sterols and sterol precargmduced by microalgae
(Luo et al., 2015Patterson & Nes, 199 Rampen et al., 2010/olkman,
2016 and

1 the ability to reversibly altesterol cotentby manipulatingculture conditions

(Fabregas et al., 1997

It is also notable thahe main attractions of microalgé&a sustainable phytosterol
productionare similar to thatof sustainablebiofuel production However, he idea of
utilising microalgal cultivation as austainableprofitablesource of phytdsrols is still
in its infancy and everal aspectef the biochemistry and cultivatiomeed to béetter
understoodf commercialisation of microalgal phytosteradgo succeedTheseanclude

identification of the best strainsof largescale productionculture conditionsthat

12



enhance phytosterol concentrations, and the optimisatioculafation systera for
maximumproductivity. While thesterol composition o significant numberfospeces

are knownthe culture conditions for improved sterol productwapoorly understood.

Data regarding theffects of nutrients, salinity, lightatnd temperature are becoming
available but for only arelatively few6 mo dspeciésand some redts apgear to be
contradictory or at least suggest that responses to manipulating these parameters might
be specigstrainspecific. Recemy reportedcomplete genome sequendéesmicroalgal
speciewvill result in abetter understandingf microalgalsterol praluction atamolecular

level. That increased understanding should lead to improvements iodis@available

for metabolic engineerinp improvesterol production from microalgae

Microalga like plants requre nutrients, carbon dioxide, light and water growth
Microalgae hae afaster growtlrate than landbased cropsvith abiomassioubling time
of 24 h (Chisti, 2007. Faster growtlrates can beobtained bythe supplyingessential
nutrientsin adequate amountdby addition ofcarbondioxide to the growth medium
under optimal condition(Borowitzka & Moheimani, 201,3Chisti, 2007. Nitrogen and
phosphorus are the main nutrient sources in microalgal cultivation and choice of nitrogen
source is one of the core causes for high productisis(Borowitzka & Moheimani,
2013. For example, it has been suggested that ového4d the energy input during
microalgal cultivation is intte fam of nitrogen fertilizergChisti, 200§. Phosphorus is
also a limied resource with global reserves expected to deplete-iGYearsat the
existing extraction ratdjkely resultingin increasedphosphate pricegCordell et al,
2009 Steen, 1998 Hence increasing the efficiency afutrient use isa key goalfor
sustainable phytosterol productioNutrient loss through leaching and faff into
surface or ground watdrasbeenobserved in land crop cultivatiollgal culturesuse

these resourcanore efficiently as the cultivation system® containedBorowitzka &

13



Moheimani, 2013 Analysis ofculture mediaollowing harvesting and dewatering of
algae indicates thaa significant amount of nutrientsemainin that culture media
(Borowitzka & Moheimani, 201)3and thesean be recycledr thenutrients recaptured
Successful cultivation of microalgaesing recycled medjawith no loss of biomass
productivity,has been achieved at a laboratory and piklest bothopen raceway ponds
and photobioreactor@HadrRomdhane et al., 2018ing et al., 2014 However, these

techniques have yet to be applied at commescialeqIshika et al., 2017a

A key advantage of using microalgae to produce sterols is that the estimated area of
land required to produce algal sterols is significantly less treméquired by plants such
as canola or corfror example, the rapeseed plant uses2liandyearl.kg? oil produced
whereas microalgae use only @2 nflandyearl.kg? oil (Mata et al., 2010 The
climatic conditionsdeally suited to high microalgal productivitigigh annual insolation
low rainfall, and high temperatureg¢Boruff et al., 201) are often found in areas
consideredunsuitable for agriculturgarticularlyarid areasvhere any form of farming
is marginal, at bestFor example commercial microalgal rpduction plants in Hutt
Lagoon(Western Australip Whyalla(South Australi and Eilat(Israe) aresemidesert
regions with very low rainfathnd high solar irradianc8ite selection for the development
of microalgal cultivation for sustainable phyttesol production together with the
geography of the landlepends on certain other factors such as cost of the land, climatic
conditions, accessibility to nutrient sourcasd theavailability and salinity of water
(Borowitzka, 2018 Maxwell et al., 198h For exampleat Hutt Lagoon and Whyalla in
Australia,open pond cultivation systesare utilised asldt landis inexpensiveand there
IS easy access ta saline orseawater souec In Israel,it is common practice to use
raceway pond cultivation systems, mainly due to lack of affordable flaflBordwitzka,

2018
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Phytosterol production from highptants regires a large amount of fresh water for
growing the biomass. For example, it is estimated that 53# fresh wateiis usedto
produe 1 L of oil from rapesee@Patterson et al., 1993dang et al., 2000 Fre$ water
scarcity is already an issue, or predicted to be, in many areas identified for algal
cultivation, e.g.regions around the worldvith a Mediteranean or arid climate
(Borowitzka & Moheimani, 2013 arooq et al., 20)5While mcroalgaecultivation al®
requiresa large amount of waterrrespetive of the cultivation system employed, that
water can be reclaimear recycled relatively easilyEven so, evaporative losses from
cultivation systems based on open ponds would still requisé frater. Someushors
have already suggested that this may impact the sustainability of large scale microalgal
cultivation, estimaing thatjust replacing evaporative losses with fresh watér use 3
timesthe amount ofresh water used for irrigation the entire agicultural landmassof
the USA (Farooq et al., 20)5However, here is the real possibility thaaline wateror
degraded wateican be usedof microalgal cultivation Many culturable rarine algae
(e.g. Chaetoceros muelleri Phaeodactylum tricornutum Tisochrysis lutea and
Tetraselmis suecigandhalotolerantnicroalgal speciege.g.Amphorasp, Naviculasp)
are known and some of these dready cultivated at scaléshika et al., 201,8Spolaore
et al., 200%. For exampleChaetocerosPhaeodactyym and Tetraselmisare commoly
grown as aquaculture feexland are cultivatedworldwide in tanks and large bags
(Borowitzka, 2018 Spolaore et al., 20060bviously, substitutingevaporative loss with
saline water willresult in a progressive risan the salinity of the culture system
potentially dfecting algal growth adverselparticularly if the systemelies on an algal
monoculture(Borowitzka & Moheimani, 2013 Two ways to resolve this issw@geto
choose marine algal species which have pigytosterol yeld over a widesalinity range

(Borowitzka & Moheimani, 2013or utilise a multispecies approach that begins with
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marine microajal species (350 pptsalinity range)followed by halotolerantspecies
(70-125 ppt salinity rangepnd finally with those species strainsthatcan be cultured

at the uppeextremitiesof salinity tolerance. Such an approach has been proposed for
biofuel productiorandhas been shown to work at laboratory scaldgteharvesting of
biomasdor high value pigmerstand lipids (Ishika et al., 2018shika et al., 2019shika

et al., 2017alshika et al., 2017b Early evidence suggests thatculture regime hat
grows the followon microalgae in the filtered culture medium of the less salinity tolerant
species will provide better biproductivity than ceculturing, for example, marine and

halotolerant specigsshika et al., 2018

The knowledge that diverse range omicrodgae can biosynthessthese
commercially interestingterds (Luo et al., 2015Rampen et al., 201&olkman, 2016
IS @ major attraction for csidering these organisms as an alternate commercial source
of phytosterolsAs noted in the reviews ofafterson and Ne$1991) Volkman, (2016)
Rampen et al(2010)andLuo et al, (2015)and shown in Table.1, sterol distribution is
not restricted to a particular class of microalgaeaning that a large number of species
that may be exploited. For examplelo et al, (2015)indicate that at least 12 microalgal
gerera have been reported to contain stigmasterol and at least 8 generavanet&n
produce sitosterqLuo etal.,, 201k Vo | k ma n desiewefster@sinsmicroagae
(Volkman, 2016 indicates even greater diversity in the production of phytosterols of
commercial interest. Sterol diversity is a particular hallmark of diatoms anddfk of
Rampen and cavorkers(Rampen et al., 20)0ndicated thaat least one commercially
interesting phytosterol was present at®% of total sterol composition in 59 of the ~
100 diatom cultures surveyed. Howewgven the general lack of technical data currently
available, determining whether commercial phyosit production is economically

feasible is extremely difficult; in facsuch assessments may even be premature at this
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point. It could be argued that an estimate could be made using the production costs for
microalgal oils destined for fuel productionagroxy, coupled with current knowledge

on phytosterol productivity anithe price of phytosterols derived from terrestrial plants.
However, the costs of microalgal oil production vary so widely (between $8.95i
20.50Lt in ponds and $AUM.92i 34.96L in photobioreacto)sas reviewed byhu
(2015) and Bala2011)tha simply applying these to phytosterol production does not
seem pruden{Balat, 2011 Zhu, 201%. What we do know is that many microalgae have
an areal oil productivity thas 2 orders of magnitude greater than that of land plants
(Mata et al., 2019 ~23 and ~927 kg.h&y for rice-branand microalgae respectively
(Tablel1.2) (Borowitzka & Moheimani, 201;3Ryckebosch et al., 201¥erleyen et al.,
2002. This is without significant investigation into high yieldi strains or culture
optimisation.The oil productivityreported in Tabld.2 was calculated using thtgensity

(as density is mass/volume) vegetable oils obtaine@ported byEsteban, Riba et al.
(2012) and Atabani, Silitonga et al. (20&58)well ashiedensity ofmicroalgal oilreported

by Brennan and Owende (2010Jhe processing costs to separate the phytosterols from
extracted oil aralso difficult to estimatat this point.Plant derived phytosterols are
usually considered to be {products of vgetable oil extraction rather than the main
product targeted, and so costs areseff somewhat. This may also have to be the case for
phytcsterol production from microalgae as phytosterol content as a percentage of biomass
is relatively low. Two recent wews by on extraction and purification processtor
phytosterols from vegetable oils conclude that current methods involving Soxhlet
extraction and maceration are still the most economically viable techn{§eedosh et

al., 2018 Maniet et al., 2019 Newer approaches, e.g. the use of supercritical fluid
extraction are likely to become a practical solutiom ithe nearfuture. Enzymatic

approaches for sterol recovery have been mooted for some time and it is acknowledged
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that they are very efficient but are still not considered economically viable at commercial

scale.
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Table 1.2 Estimated lipid and phytosterd productivity from plant sources and microalgae

Sources Oll Phytosterol Oll Phytosterol
(% wiw) (mg.g? oil) t.h33 (kg . h &)
Land based crop
Canola 412 5.139.79 0.884 4.538.65
Sunflower 40 3.747.28 0.97% 3.647.06
Soybean 18 2.294.59 0.58 1.322.66
Rice bran 1523 32.2% 0.7 23.28
Microalgae (low oil content)
Isochrysis (Fiso) 7.1-33 14.9 62 927.1
Pavlova lutheri 35.58 97 62 6035.53
Phaeodactylum triornutum 18.057.¢ 16.5' 62 1026.66
Porphyridium 9.060.7 26.5' 62 1648.88
Thalassiosira pseudonana 20.6' 34 62 2115.54
Tetraselmis suecica 8.523 10.9' 62 678.21

2. (Mata et al., 2010, ® - (Piironen et al., 2000, ¢- (Atabani et al.,2012), ¢ - (Ryckeboschet al.,2014. The oil productivity of land-based crops is reported
as L.hal.ylin (Atabani et al., 2012 Mata et al.,2010 and was converted to t.ha.y. Microalgal species which are already able to be cultivated in commercial

quantities are reported to have a relatively low oil content of ~3@6 (w/w) and their oil productivity (58,700 L.hal.y* (Mata etal., 2010) has been considered and
converted to t.hat.y! in the same manner as for vegetable oils and reported fable 1.2.
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In order to develop a suitable techeoonomic model for phytosterol production from

microalgae, robust data is still requren:

A theidentification of high yielding species and strains;

A optimum culture conditions for a rangespfecies/strains;

A thedollar value of environmental benefits that would arise from reduced water usage
and recycling of N and P based nutrients;

A compaisons of land costs in degraded vs. agricultural regiams

A extraction and recovery costs.

Such modelshould also attempt to incorporate analysis of production cost offsets
that might be possible from further processing of extracted algal residuethe.g.
nitrogent and phosphorousch residue could be used as animal feed or organic fertilizer
Any remaning carbohydrate can be fermented to produce ethafiol18] and the
biomass can also be anaerobically digested to generate mdtraoe-site power
generation [27]Figurel.2 provides an overview @n integrateanicroalgal phytosterol

productionfacility .
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Figure 1.2: Overview of phytosterol production from microalgae.

Initial reports of the health benefits of the sterols extracted from microhkae
indicated they have the same/sim##ficacy as those isolated from higher plai&ibao
et al., 2016Chenet al., 2014Kim et al., 2014 Sanjeewa et al., 201&asukawa et al.,
1996. What is requied now is a concerted effort tentify suitablespeciesor drains
for mass cultivation and more-depth knowledge of thebiochemical triggers and
envronmental factors that enhangdytosterol productionEven though complete
genome sequencés various microalgae are known, the sterol biosynthetic pathway has
only beenproposedon model specigssuch asP. tricornutum (Fabris et al., 2014
Nannochloropsis o@ica(Lu et al., 201% Chlamydomonas reinhardt{Brumfield et
al., 2017, Skeletonemanarinoi and Cyclotella cryptica (Gallo et al., 202PDbased on
bioinformatic analyses of the genes involved in the sterol biosynthetic patinwmgved

knowledgeof sterol bosynthesis and identification of genes involved in the sterol
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biosynthetic pathwagarnered from these studies now needs térdmeslated to other
species and strains. Tpetentialnow existsfor targeted studiesn the combination of

environmental andhetabolic engineerinfpor enhanced sterol production.

1.30Overview of sterol biosynthesis in microalgae

Sterols, members of thesdprene family are vital components of eukaryotic
membranes as they regulate membrane fluidity and permedWitityman, 2003. They
are also involved in controlling various membrassociated metabolic processas;h
as signal transdumn (Hartmann, 1998 Structurally, sterols consist of a
cyclopentaphenanthrene ring and agitlain at the @7 carbon atonfFigure 1.1). They
are classified into three groups based on the number of methyl groups on4aghdn
des met hy | -meonethy $rels andd4ldimethyl sterolsThe most common
phytosterol group found in microalgae are thée$methyl sterol@iironen et al., 2000
Volkman, 2003 including 27, 28 and 2&arbon phytosterolssuch asbrassicasterol,
campesterglkergosteraglb-sitosterol and stigmaster@folkman, 2016. In addition to the
free sterolform (FS) microalgal sterolsare reported asteryl esters(SE), steryl
glycosides (SG) and acylated steryl glycosideSGAcollectivelyknown as phytosterol
conjugates(Figure 1.3) (Mohammady, 2004Véron et al., 1998 Many of the Gg and
Co9 sterols contain a methgk ethyl group at €4 and can exist in two chiral forms, the
24@49 and (2BBbonfigurations. Sterols of hig
configurationwhereasnicroalgaecapr oduce sterols of either
(Nes et al.,, 1990Patterson & Nes, 199Nolkman, 201%. Sterds of the diatoms,
haptophytes, cryptophytes and (pightedglophyt
1978 Volkman, 2@3), while, sterols of green microalgae and dinoflagellates are mainly

of 24b c o(@dad &Withesst1D8AMiller et al., 2012.
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c.Acylated steryl glycoside

Sitosteryl ( 6Gstearoyl) b-D- @
glucoside

o

OH

Figure 1.3. Structures of different phytosterol conjugateMoreau et al.,20032. a. Sterol ester (SE),
b. Steryl glycoside (SG), c. Acylated steryl glycoside (ASG).

In mostof the studies, algal sterols have been identified and quantified BSC
(Gas chromatagphy Mass spectmetry)analysishowever this method has limitatisn
in separating stereoisomers. Advances in technology have made it possible to separate
isomers on polar gas capillaf§C) columns using special conditioiBhompson et al.,
1981 and byhigh performance liquid chromatograpfiPLC) (Chitwood & Patterson,
1991 but this is not prfect, e.g., HPLC has beemable to separate &thyl isomes
s u c h-sitasterolfand its epimer clionasterdhese two epimers cdre differentiated
based othemelting ranges of their acetate derivati@®ompson et al., 1972Nuclear
magnetic resonance (NMR}udiescan be used to unequivocaligentify the isomer

(Thompson et al., 197 drovided appropriately purified material is available
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1.3.1Microalgal-sterol biosynthetigpathway

Sterok are triterpenoidend produd of the isoprenoid biosyntliec pathway
(Volkman, 2003 which canbe split into three steps i) isopentenyl pyrophosphate (IPP)
biosynthesisii) polyprenyl pyrophosphate formatipand iii) conversion o€ycloartenol

to variousphytosterolgLohr et al., 2012Sasso et al., 20).2

1.3.1.1Isopentenyl pyrophosphate biosynthesis

Isopentenyl pyrophosphate (IPP) is the precursor of all isoprefioatiéenthaler et
al., 1997h. The existence ohteepathways are known for IPP biosynthesie well-
known classi@al mevalonate (MVA) andmethyl erythritol phosphate (MEP) pathvgay
and the ecenty descibedmodified MVA pathway(Lichtenthaler et al., 1997aombard
& Moreira, 201Q Rohmer, 1990 The evolutiomry originof the pathways producing IPP
is complexdue to its irregular taxonomic distributi@md hence two main hypotheses
have been proposelh the first proponents argue thite MVA and the MEP pathway
emerged independently: MVA from Arcteand the MEP from bacterial lineafjeange
et al., 200Q. The other maimypothesis is that thdassical MVA pathway is the common
ancestral pathwaiy Archaeaeukaryotes and bacteaad the further divergence led to
the emergence of tmodified MVA pathway(which is restricted to the Areba) and the
MEP pathwayLombard & Moreira, 2010PérezGil et al., 2019. Microalgal species are
known to epress éher the classic MVAMEP pathwayonly, or both theclassic MVA
and MEPpathwaysin combination(Lichtenthaler, 1999Lichtenthaler et al., 1997a
Rohmer, 1999 If both pathways are ayable in thesame organism, the biochemical
machinery for each is separated in twoetiéint compartments, such as cytoplasm and
plastid(Eisenreich et al., ZI1; Muntendam et al., 2009The MEP pathway is limited to

eukaryotes bearing plastidsignifying that the genes of MEP pathway were obtained
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from cyanobacterial ancestors of plastidsnge etal., 200Q. Evolutionary studies
suggest that chlorophytes (green algae) might have lost the MVA pathway during primary
endosymbiosis, producing IPP only throughplestidMEP pathwayLohr et al., 201p

Both classicMVA and MEP pathways are present in theugy of microalgae that
originated via secondary endosymbiosis.e, haptophytes, heterokontg@ncluding
diatons, such agP. tricornutum, Nitzchia ovalisRhizosolenia setigeré&& marinoi, C
crypticaandHaslea ostreariy cryptophytesand dinphytesCvej i | & Rohmer
Gallo et al., 2020Lohr et al., 2012Massé et al., 20Q4Detaileddistribution of the MVA

and MEP pathways in various microalgagdilaeenpublished preiously (Hemmerlin et

al., 2012 Lohr et al., 201p Microalgal species with both pathways synthesise sterols
using precursors from the MVA pathwagxcept forH. ostrearia(Massé et al., 2004
Detailedbiosynthetic mechanissifor the MVA and MEP pathways in higher plants and
algae are discussed meferences(Lichtenthaler, 1999 Lichtenthaler et al., 1997a
Rohmer, 1999 Key similarities and differences between the two pathways are pedsen

in Table1.3 and anoverview ofmicroalgalsterol biosynthetic pathways depicted in

Figurel4.
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Table 1.3. Difference between classic MVA and MEP pathwaysgEisenreich et al.,
2001 Lange et al., 2000 Lichtenthaler, 2007, Lichtenthaler et al., 1997a Lohr et
al., 2012 Lombard & Moreira, 2010; Massé et al., 2004Muntendam et al., 2009
RodriguezConcepcion, 2006Rohmer, 1999

FEATURES ClassicMVA MEP
Precursors Acetyl coA. Glyceraldehyde and pyruvate.
Location Cytosol or peroxisomes. Plastids.

Rate controlling Hydroxymethyl glutaryl Deoxy-D-xylulose-5-phosphate

enzyme COA reductase. synthase.

Terpenes Sesquiterpenes and  Mono, di, sester and tetra terper
obtained triterpenoids such as stds. such as carotenoids, phytol.
Present in Some bacteria and Bacteria and plastid bearing
(general) eukaryotes. eukaryotes.
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Figure 1.4: Overview of possible biosynthesis in microalgae of commercially important sterols
(Brumfield et al., 2017 Desmond& Gribaldo, 2009 Fabris et al., 2014 Kira et al.,2016

Lu et al, 2014 Sonawane et al., 2016. GAP-glyceraldehyde mosphate, 3PG3
phosphoglycerate, MVAMevalonic acid (mevalonate), MEPMethyl erythritol phosphate, IPP-
isopentenyl pyrophosphate, DMAPP dimethyl allyl pyrophosphate, FPPS farnesyl pyrophosphate
synthase, FPP farnesyl pyrophosphate, SQS squalene syntlase, SQE squalene epoxidse CAS
cycloartenol synthase.

1.3.1.2Polyprenyl pyrophosphate formation

The second step of the sterol biosynthetic pathwathesformation of various
polyprenyl pyrophosphates from the condensation of IPP with dimethylallyl
pyrophosphate (DMAPPR)This process isatalyzed by various prenyl transferases or
isoprenyl diphosphate synthases (IPPS). Various IPPS have been identlusting
farnesyl pyrophosphate synthase (FPPS), geranyl pyrophosphate synthase &éG3&PS)
geranylgeranyl diphosphate synthase (GGPPS). FPPS and GGPPS are ubiquitous in

plants, animals, fungi and bacteneénereas GPPS has been identified only in plants
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insects(Vandermoten et al., 20D9rhe mechanisms of all three enzymesdsaailedin

a reviewby Vandermoten and colleagu@gandermoten et al., 20D9These enzymes
have a vital role ithe regulation of the isoprenoid pathwayg they areesponsible for
directing carbon flow from the central pathway towards various branches of isoprenoid
metabolism (e.g.sesquiterpene, sterady monoterpene synthesig)ohr et al., 2012
Vandermoten et al., 20D@nd are therefore potential targets for sterol production

modification.

The genes encoding FPPSPRS andGGPPS have all been identified in algal
genomegFabris et al., 20345asso et al., 201an the phytoterol biosynthetic pathway,
FPP is dimerized by squalene synthase (SQS) producing squalene ctivagref all
sterolg(Sasso et al., 20).2ZThesqualenés thenoxygenatedby squalene epoxidase (SQE)
to form squéeneepoxide and cyclised by oxidosqualene cyclase (O8&ris et al.,
2014 to form cycloartenol inand plants andlgae In nonphotosynthetiorganisms the
sequenc@roduce lanosterolfrom squalenepoxidevia the enzyme lanosterol synthase
(Brumfield et al., 2017Desmond & Gribaldo, 20Q0Miller, 2014; Miller et al., 2012.

For example C. reirhardtii synthesisg ergosterol § common fungl sterol) via
cycloartenoland is reported to have orthologues of all the genes involved in sterol

biosynthesiseported fromArabidopsis thaliangBrumfield et al., 201}

The presence of SQS and SQE genes wagatified in the eustigmatophyfs.
oceanicaand in the green microal@a reinhardtii(Kajikawa et al., 2013_u et al., 2014
Similarly, functional SQE s isolated from the green algdortyrococcus braunii
(Uchida et al., 2015 A study on the diator. tricornutumand other sequenced diatoms
such asf\Nitzchia sp, Thalassiosira ocean&cand Thalassiosira pseudonaneeported the
presence of theultifunctional fusion enzyme isopentenyl diphosphate isomerase (IDI)

SQS and a lack of SQEabris et al., 2014&ira et al., 206).
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1.3.1.3Cycloartenol tophytosterol

The final step of sterol biosynthesis involves the conversion of cycloartenol into
sterols, using various reactiQmscluding methylation, isomerization, and reductiohe
functional roles ofarious enzymes involved in theses reactionserewed in depth by
(Nes, 201). The pathway islepenénton the sterol profile of eachga andis a crucial
step in determining which sterols are producHuke process controlledby a group of
homologous enzymes known as sterol @22&thyltransferasdbatare known tecatalyze
the methylation or ethylation of phytosterols in higher plghis et al., 201% A
multifunctional sterol methyl transfera€8MT) that produces both 28 me t h y-I and
b et hy lhas$eemepartedsin certain microalgae especially green al@ae
reinhardtii, Chlorella variabilis NC64A Coccomyxa subellipsoidea-169, Volvox
carteri), and a diaton{P. tricornutum), while two enzymessimilar to those expressed in
higher plantsSMT1 and SMT2have beeffound inN. oceanicaHaubrich et al., 2015
Lu et al., 201% SMTs in higher plants are considered to have evolved upon mutational
divergence in to SML (red algae) and SMZ (green algagHaubrich et al., 201p The
synthesis of poriferasterol, an epimer of stigmasterol, synthesised by the conversion of
three 24ethylidene sterols by tramsethylation reactions was describeddohromonas

malhamensigKnapp et al., 1977Smith et al., 196)/

The sterol profile of microalgae belonging to the séamenomicclass can differf~or
exampl e, g e n-esterol eeductasdhvolvagl in gh@conversion okergosterol
to campesterol PHATRDRAFT3046) and G22 desaturase cémpesterol to
brassicasteroPHATRDRAFT_5175Avere identified inP. tricornutum (Fabris et al.,
2014. Conversely, the diatonT. pseudonanadoes not produce sterols that are
unsaturated at the-22 position and the gene encoding the enzyr22 @esaturase was

not found suggestinghe existence of two potential sterol synthetic pathways in diatoms
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(Fabris et al., 2004 The reports support thgypothesisthat microalgal specienay have
lost certain sterol specific enzymes during evolution. The influence of external factors
such as growth conditions and phases could be another potential reason for the difference

within classe¢Rampen eal., 2010.

1.4Manipulation of phytosterol production in microalgae

Metabolome and transcript level analysfsmicroalgae haveeportedalteredsterol
content when grown under different conditidfgbregas et al., 199Fu et al., 2013
This section discusses te#ects of various culture conditions the sterol conterand

possible molecular approaches to enhance phytosterol pramducti

1.4.1 Effect of different culture conditions on the sterol content of microalgae

The gerol content ofmicroalgae are reported to be influenced by several conditions
such as nutrient limitain, the addition of carbon dioxidéght intensity and salnity

(Fabregas et al., 1997

Studieson thesterol contentf microalgaeduring different growth phas¢$ablel.4)
(Ballantine et al., 1973la Costa et al., 20iDunstan et al., 19931ansour et al., 2003
indicate thasterol contenteaches a m@num during stationary phagév et al., 2010,
even though theroportions of steral differ in each phaséMansour et al., 2003
Exceptionsto these reportareresults forlsochrysissp (Dunstan et al., 1993andT.
pseudonangBrown et al., 1996which hare been shown to have high sterol content
during logarithmic phaselt is hypothesisedhat a differencein the sterol content of
microalgal cells atifferent phasess linked with the cell volumeascell sizevaries at
different phases of growth due to membrane exparamireductior(da Costa et al.,

2017). Plant sterolareknown toregulatethefluidity of theplasma membrane atlabse
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sterolsare comparatively highr in plasmamembranethan the thylakoid membrane

(Hartmann, 1998Hartmann & Benveniste, 1987

Nutrient availability has been reported tmfluence phytosterolsof microalgae
Nutrient deficiencyspecifically nitrogen starvation or reductiprauses a shift in the lipid
metabolism from membrane lipidrsthesis to storage lipidespecially triacylglycerides
(TAG). Thislimits microalgal growthandcanresult in anincrease in the cell volumas
hasbeenobserved irScenedesmus acutasdC. reinhardtii (Juneja et al., 201%terner
et al., 1993Van Donk et al., 1997 Moreover, anncreasen the cell volume noticed
during nitrogen limited conditioewasrelaiedto sterol enhancement due to membrane
expansion(da Costa et al., 20L7A study o the freshwater microalg@otryococcus
braunii Kutz IPPAS H252 revealed that nitrogemitation resulted inanincrease of
free sterols (Tablé&.4), while there was no change in the sterol ester co(i#iia et al.,
2005. Similarly, the total phytosterol content mitrogen limitedcells ofSchizochytrium
sp. were reported to be increased compared tdimited cells(Sun et al., 2014 In
contrast sterol content oAnkistrodesmus falcatugzas reported to be decreased under
nitrogen limitation with a reduction in cell volumgKilham et al., 199y and hence,
decline in sterol content can bermated to decrease in cell volume during nitrogen
limitation. Furthermore the freshwater microalgaCyclotella meneghinianahowed
increased sterol contemtfterincreased phosphorysl 0 a n dandsilica (0@ and
2 00 supply(Piepho et al., 20)2In addition nitrogen and phosphorus repletion
resulted in increasktotal sterol content iThalassiosira weissflogi{Breteler et al.,
2005. Similarly, iron repletion also reportedy increased total sterol content in
microalgae such aBhalassiosira oceanicandRhalomonas salingChen et al., 2001
No significant change was observed in the sterol concentratics/pfomonas ovata

with changing nutrient suppfphosphorusjPiepho et al., 2092 Similarly, a study on
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changes in the nitrate and phosphate levels irciitere medium compositiomid not
cause a&ignificant increase phytosterol productioof Pavlova lutherjbut growing the
culture for a prolonged period resulted in higher production of stéAbimed et al.,

2015.

Salinity is anothesignificantfactor that influences the biochemical composition of
algal cells.Dundiella is one of the most studied microalgal species due to its tolerance
to high salinity (Zelazny et al., 1995 Total phytosterol content of bothunaliella
tertiolectaandDunaliella salinadecreased with increasing satyn{from approximately
21-75 g.L'%) (Francavilla et al., 209)0A study on the plasma membrane proteomB.of
salinaafter inducing salinity stress supports Huggestion that theicroalga responds
to high salinity by upregulding central metabolic and signal transduction pathways
altering the plasma membrane lipid compositiptatz et al., 200 Converselya 43.8
% increase in the sterol content was observedliizschia laeviswhen the sodium
chloride concentration increas&om 10 to 30 g.t* (Chen et al., 2008 This has also
been observeith Nannochloropsisp.whensalinityincreasedrom 22 - 58 g.L™* (Bartley
etal., 2013 Nodifferenceswere observed in the sterol contentofutheriwhen grown

in differentsalinities(Ahmed et al., 2015

Temperature is one of the main factors that affect the growth catk size,
biochemical compositioand nutrient absorptiom microalgae(Juneja et al., 2033A
study on the effect of temperature on the sterol cordeRt. tricornutumreported a
decrease in the sterol content when the culture temperature was raisd® fiGrno 23
°C (Véron et al., 1996 Similarly, the sterol content d§ochiysis galbanaParke was
higher at 18°C than at 26°C (Durmaz efal., 2008. In contrasta study on the effect of
temperature on the sterol concentrations of three microalgal species explains that the

sterol concentrations were found to be highe®.iguadicaudaandC. meneghinianat
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25°C than at 10C, but thesterol content irC. ovatawas notinfluenced by temperature
differenceqPiepho etl., 2012. Likewise, the sterol content 8f brauniiwas high at 25
°C anddecreased whethe temperature vgadhenraised to 32C before beindowered to

18°C (Kalacheva et al 2003.

Light intensitieshave been found to influence the sterol contents of wsrio
microalgal specieshesterol content oDunaliella viridiswas found to be enhancadtl
1500 pbkotomsh?.st(Gordillo et al., 1998 A rise in sterolsvasdescribeds a result
of thestimulation ofphotosynthesis at higher light intensities and perhaps sterol synthesis
which occursvia the MEP pathway(Piepho et al., 200 The MEP pathwayis
hypothetically related to photosynthesceit is linked withthe chloroplast(Disch et
al., 1999. Likewise, the acylated sterol glycoside$inutheri increased when the light
intensity increase (Guedes et al., 20)0A study on the effect dight intensity (300
umol photongn?.s?) on Haematococcus pluvialishowed that the sterol content was
high on the ¥ day and then gradually decreases off d&y (Bilbao et al., 201§ In
contrast the total sterol levels were not altered by variations in the light intensities

Nitzschia closteriunGCylindrotheca fusiformijs(Orcutt & Patterson, 1974

Light spectum is another factor influencing sterol conteitdifference in the sterol
content ofP. tricornutum under different spectra was also observed, with the highest
amount of sterol obtained undexdrlight at 13°C (Véron et al., 1996 Similarly, the
sterol quantity varied with light spectrum and dilution rat€igochrysis luteédMarchetti
et al., 2018 Besides visike light, ultraviolet(UV) radiations are also reported to affect
the sterol concentrations in microalgdgV-C radiation at 100 mdm? is reported to
induce sterol synthesis i lutheri(Ahmed & Schenk, 2097The UV light damags the
thylakoid membranesf microalgal cellsand it is assumed that sterols play a major role
in repairing the damage caused by UV radiation to the @&imed & Schenk, 2017
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UV-B radiation is also reported #dfect the sterotontent and composition in various

microalgagSkerratt etl., 1998.

Besidesspecific cultue effect on phytosterol synthesisteractive effect such as
light intensity and phosphorus suppigsulted iran increasef sterolsor S quadricauda
and C. meneghinianaat higher light intensities when the phbspus supply was high
(Piepho et al., 2000 Anothercollective study on the harvest stage, light intensity and
light: dark cycle showed high sterol content at 100 pmolphatohs?® under 24:0 light:
dark cycle during log phase if. pseudonangBrown et al., 1996 Sterol and squalene
content of Thraustochytrid strain ACEM 6063 were fduo be influenced byhe
interactng effects of temperature, culture age and dissolved oxygen Igesiss et al.,

2009
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Table 1.4. Culture conditions affecting the sterolconcentration of microalgal species(* indicates increased phytosterol content when

compared between respective effects).

Culture conditions Effects

Species

References

Log phase

Growth phase (% phytosterols of total lipids)

Stationary phase

(% phytosterols of total lipids)

3.9

2.9

0.55

1.29

3.2

*1.2

*5.3

*5.0

*0.87

*1.7

*3.8

0.8

Nannochloropsis oculata

Pavlova lutheri

Phaeodactylum
tricornutum

Monochrysis lutheri

(Dunstaret al.,
1993

(Dunstaret al.,
1993

(Ballantineet al.,
1979

(Ballantineet al.,
1979

Thalassiosira pseudonani (Brownet al., 1996

Gymnodiunsp.

Tisochrysis lute& CAP

927/14

Isochrysissp.

(Mansouret al.,
2003

(da Costat al.,
2017

(Dunstaret al.,
1993
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Nutrient

Nutrient repletion

Nutrient limitation

concentrations

*Nitrogen and phosphorus. - Thalassiosira weissflag  (Breteleret al.,2005

Ankistrodesmus falcatus  kijlham et al. 199%

*Iron. - Thalassiosira oceanica,  (Chenet al.,2011)

Rhodomonas salina
- *Nitrogen. Botryococcus braunii Kutz  (Zhila et al., 2005
IPPAS H252
- *Monosodium glutamate (nitrogen souyce Schizochytriunsp. (Sunet al.,2014
- *ron. Isochrysis.galbana (Chenet al.,2011)
Salinity Low salinity (g.L™%) High salinity (g.L™?)
*35 122 Dunaliellatertiolect, (Francavillaet al.,
Dunaliella salina 2010

22 *58 Nannochloropsis salina (Bartleyet al.,2013

10 *30 Nitzschia laevis (Chenet al.,2008

Temperature Low temperature (°C) High temperature (°C)

10

*10

*18

*25 Scendesmus quadricaud: (PiephOet al.,2012
Cyclotella meneghiniana
23 P. tricornutum (Véronet al., 1996

26 Isochrysis galban®arke (Durmazetal., 2008
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Light intensity

Low light (umolphotons.m2.s?) High light (umolphotons.m2.s?)

Darkness *1500
41.31 *137.7
50 *100

Dunaliella viridis

Pavlova lutheri

(Gordillo et al.,
1998

(Guedest al.,2010

Thalassiosira pseudonan: (Brownet al.,1996

Interactive effects

Temperature andght
sperctral quality.

Nutrient concentration
and lightintensity.

Light spectrum and
dilution rate.

Light cycle period and
harveststage.

Phytosterol content decreased from 14754 7 ¢ g o fs/gdrg weight when e
the temperature was raised from-23 °C under red spectral light.

Phytosterol content increased with light intensity at high phosphorous contel
decreased with light intensity at low phosphorous content.

Phytosterol content was high at blue light when the dilution rate was 0-L)day

Phytosterol content was high at 24:0 (light: dark) cycle period during log phase
than 12:12 (lightdark) cycle. And the phytosterol content was reduced at the statit
phase in bothight cycle periods.

P. tricornutum
S. quadricuda, C.

meneghiniana

T. lutea

T. pseudonana

(Véronet al.,1996
(Piephcet al.,2010

(Marchettiet al.,
2018

(Brownet al., 1996
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The wide variability in the effect of culture conditions on phytosterol production
in microalgae idargely due to the fact that studjéisus far have bee limited to only a
few species. The limited body of knowledge that currently exists makes it difficult to
identify trends in, and hence predict outcomes fromture conditionghat are likely to
erhance the physierolproduction for garticularspecia/strain.Thelack of information
relating culture level parameters to biochemical and genetic changes within cells is a

limiting factor in easy optimisation for improved phytosterol production.

1.4.2Molecular approachegor phytosterol enhancement

The ddficit in molecular level detail is beginning to change. The recent reporting of
complete genome sequences for various microalgae, coupled with the demand for
increased productivity of high value pradsiand biofuels, is resulting in the development
of molecular approaches that will alloeasieroptimisation of culture conditionsn
general, moleculaapproaches wolve genetic engineeringomprisingchloroplastand
nuclear engineeringand metabolic engineeringshich include over expression of
enzymeshlocking of competitive pathways, gene silencisite-directed mutagenesis

and genome editin@@e Bhowmick et al., 2015/avitsas et al., 2018

Genetic engineering techniguesvlaprovided the opportunig to exploit the
microalgal genomes by either modifying, deleting or insegperific genetisequences
(Huang & Daboussi, 20)7Genetic manipulations inieroalgae help in the transfer af
specific gener genes of interest to microalgal speamsking itsuitable for growth in
open ponds or under extne growth conditions This can result in competitive
advantages thaktducethe risk ofthe culture beingpverwhelmed bycontaminatioras
well asimproving the species for commercialisati@oron et al., 2016 The efficiency

and the stability of transgene expression depends on various factors swasdedsobion
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usage integration of regulatory elements, incorrect polyadenylation, idestiibin of
suitable selectable markerand the application of effective transformation methods
(Huang & Daoussi, 2017Radakovits et al., 20)0Successful transformations have
been achieved with more than 30 different algal species, including red, green, brown,
diatoms, euglemids and dinoflagellateRadakovits et al., 20)0 The transgee
expression of microalgae hee been reviewed idetaildiscussing thenethods involved

in chloroplast and nuclear transformations and the difficulties involved in stable

expression of transgengBashir et al.2016 Doron et al., 2016

Metabolic engineeringnvolves specific engineering of biosynthetic pathwégs
increased yielof high value compoundgor this approach to tmiccessful tiis essential
to understand the specific biosynthetic pathways of microalgae at moleculaiTlewel.
information on biosynthetic pathwagan bededuced partly from the available genome
sequences and thhemaining from he metabolome informa&in availablein recent work
focussedn other areas of microalgal biochemisfilavova et al., 2015 To date, ery
little specificmetabolicinformation isavailable onthe sterol biosynthetic pathway of

microalgag(Brumfield et al., 201;7Fabris et al., 2014

Overexpression ohnenzymes a single gene targeted approastudies on thever
expression okenzymes in microalgae have mainly been targeted at lipid biosynthetic
pathways for triacylglycerides in order to enhapceduction for biofuel applications
(comprehensively reviewed {ipe Bhowmick et al., 20)% Overexpression ofarious
genes related tthe sterol biosynthetic pathway and its effebtsve been extensively
studied inthe yeast Saccharomyces cerevisiaghich have been reviewed in detall
previously(Wriessnegger & Pichler, 201.3These could servesa lasis for identifying

homologues in microalgae. Very little work on over expression has been conducted with
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microalgae. In one example, over expression of 3Q&alene synthase)@ reinhardtii

showed an increased rate of conversion of FRgual@e (Kajikawa et al., 2016

Another important metabolic engineering approach is gene silencing, which is a
process of suppression of either transcription of &taygne or translation of the resulting
MRNA using diferent mechanism®in et al., 201 Transcriptional gene silencing can
be caused by heterochromatin formation, DNA methylatorDNA elimination Post
transcriptional gene silencing is caused &ty RNAmediated process called RNA
interference (RNAi)(LeonBanares et al., 2004RNAi can be a powerful tool for
analysinghe biological functions of a target gene and controlling metabolic processes by
sequencespecific gene knockdaw(Cerutti et al., 2011Leon & Fernandez, 200.7A
study on transgeniC. reinhardtiiused partial suppression of the CrSQE gene to promote
accumulation of squalen&ajikawa et al., 2016 Genetic and biochemical studies of
various eukaryotic organisms have led toithentification of three core components of
RNAI machinery namelythe Dicer enzyme ArgonautePiwi (AGO-Piwi) and RNA
dependenRNA polymerase (RARRY erutti et al., 2011 This silencing machineryhas
been found in numerous microalgal species. Argonaute proteins and a gene encoding
RdARP were identified ithe diatomdP. tricornutumandT. pseudonanéDe Riso et al.,
2009. Endogenous small nesoding RNAs were also identified . tricornutumby
small RNA library sequencin@@e Riso et al., 2009thus allowing for the development
of strategies tcknock down specific genes. Knedown techniques such as RNA
mediated silencing have become a valuable tool for reverse genetics, which can be used
to engineer algae for efficient production of biofuels and other-Vedine compounds
(Cerutti et al., 201)1 However, & present, molecular biology tools faverse genetic

approaches are available only for few modejahlspeciessuch asC. reinhardtii,
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Cyanidioschyzon merolae, Ostreococcus tauri, tfcornutum and T. pseudonana

(Hlavova et al., 20156

Transcriptome analyses Gf reinhardtii suggest that gene silencing mechanisms may
be involved in altering metabolic responses under various stress congionst al.,
20195. A study on the expssion of genes involved in sterol biosynthes$isl. oceanica
under nitrogen depleted and @éifént light intensity conditionshowedthat the genes
involved in thesterol biosynthetipathway wer@xpressed at lower lewainder nitrogen
depletionand & light intensity (300 pmol photons2s?t) (Lu et al., 201% This
transcript levelinformation is helpful for future genetic engineering for improved

phytosterol poduction.

Introductionof OSC ofLotus japonicusnto P. tricornutum for the production of
lupeol resulted in reduction of total sterobntent indicating that the newly introduced
lupeol pathway competes withe sterol biosynthetic pathway for the sas#strate
(D'Adamo et al., 2018 Blocking competitive pathwayis a significant metabolic
engineering approacmainly aimed at lipid biosynthesis and variexamples are noted

in Singh et a(Singh et al., 2016

An alternative strategy to genetic and metabolic engine&itrgnscripional factor
engineering. Transcription &ctors areproteins that control DNA transcriptioby
identifying particularDNA sequencesnd establishing protein to DNA and protein to
protein interactiongCourchesne et al., 20D9 ranscriptional factor engineering foess
on the alterationof multiple factors involved in a metabolic pathway simultaneously
(Courchesne et al., 2009More details onthe transcriptioal factor engineering
approachegargeting at improvetipid and high value producta microalgae have been

reviewed(Bajhaiya et al., 201 Tourchesne et al., 20P9
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The molecular approaches discussdve aregpromising strategieshat could be
exploited for sterol enhancement in microalge® date, there hdseen little application
of these strategiebut as more molecular data becomes available and tools are developed
these techniques hold great potential for increasing théhidaa of microalgae maturing

into a sustainable commercial source of phytoftero

1.5Research objectives

As highlighted earliermicroalgae are the potential commercial sources of
phytosterols withmanystudiesexhibiting the presence of phytosterolyariousclasses
of microalgae The nain limitation of commercialising phytosterols from microalgae is
thelack of information onhow phytosterolsre affected by various culture conditions
Hence, culture optimisation is critical for potential mass prodonof thesecompound
from microalge. The overarching ainof the currenPhD studywasto understand the
optimal culture conditiog for improved phytosterol production from a potential
microalgaandto link the culture level parameters to biochemical genetic changes
within the cell for future metabolic engineering of microalgae for improved phytosterol

production.

The nitial objective of this studyas to identify a potential microalga with
chamacteristics such as1) the presence of phytosterols ioterest,b) cultivability at
commercial scalec) available information on sterol biosynthetic pathway/ sterol
biosynthetic geneand d)availability of molecular biology tools for genetic, metabolic
engineering/ reverse genetidschose to work onP. ticornutum CS-29/7 as it canbe
successfully cultiveedunder outdoor conditions using open ponds and closed.PBRerefore,
during the life of this PhBhe followingcultivation parameters fat. tricornutumCS-29/7

were studied:
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1. Effect oflight spectrun and irradiancéChapter3)
2. Effect of nutrients (Chaptet)
3. Effect of salinity (Chapteb)

4. Effect of temperature (Chaptéy

In addition changes tobiochemical and genetiparametersduring certain culture
conditionwerestudied in Chaptef. Further | summarised general materials and methods

in Chapter2 and generatonclusionin Chapter8.

15.1ldentification of potential microalga

Microalgd commercialisationvasfirst begarby mass cultivation of Chlorella as
health foodn Japan in 195fTamiya, 195). Subsequently everal nicroalgaehavebeen
successfullycultivatedat large scale fovarioushigh valueproductss u ¢ h-casoter, b
astaxanthin, fucoxanthirphycobiliproteins (pigments) 2-linolenic acid, arachidonic
acid, eicosapentaenoic acid atmcosahexanoic acigholy unsaturad fatty acidsyand
are marketed as nutrient supplements, food colorants anddiegie for the
pharmaceutical andosmetic industes (Bhalamurugan et al., 201Borowitzka, 2013
Microalgalbiomassis usedin human nutritionanimal,fish and poultryfeedand asa
biofertilizer (Bhalamuruganet al.,, 2018 Some of the commercially important

microalgae antheir associatedpplications are listed in Table 1.5.
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Table 1.5: List of some microalgae of commeral importance and its applications

Microalgae Products Applications References
Chlorellasp. Biomass Dietary supplementin human nutrtion, (Borowitzka, 2006
aquaculture
Dunliella salina b-carotene Food colourants, dietary suppleme| (Borowitzka & Borowitzka,
cosmetics.

1989

Haematococcupluvalis

Astaxanthin

Pharmaceutical, agculture.

(Panis& Carreon, 2016

Chlamydomonas reinhardtii

oil

Cosmetics.

(MU etal., 2019

Crypthecodinium cohnii, Schizochytrissp

Docosahexaaic acid (DHA)

Infant formulas, nutritional supplements,

aquaculture.

(Barclay et al.,201Q0 Mendeset

al., 2009

Tetrasémis sp lIsochrysis sp, Pavlova sj

Phaeodactylum tricornutum sp, Chaetoceros

Biomass

Aquaculture feed.

(Sirakov et al., 2015 Spolaore

et al.,,2006
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Nannodloropss

Thalassioisra sp.

Ssp,

Skeletonema

S
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Speciesummarsedin Table 1.5aresuccessfully cultivated by various companies
all over the worldand areknown toproduce sterolasstated in Table 1.However,the
biosynthetic pathways have been predicted only in three speCieseinhardii
(Brumfield et al., 201), N. oceanicgLu et al., 201 andP. tricornutum (Fabris et al.,
2014). C. reinhardtiiwasreported to produsergostero(Brumfield et al., 201yandP.
tricornutumproduces tassicasterol and campestefehbris et al., 2014Rampen et al.,
2010. Thesesterolsare ofcurrentcommercal interestMoreau et al., 2002Howevet
Nannochloropsisp. are reported to synfise cholegrol whichis not of commercial

interesttMohammady, 2004Véron et al., 1998

The putative biosynthetic pativay of C. reinhardtii propose the synthesis of
ergosterol via various precursossich as ergostd,7,22,24(28)rienol and ergosta
5,7,24(28trienol which are not of commercial importan@@rumfield et al., 201} In
contrast the proposediosynthetic pthway of P. tricornutumsuggests the synthesis of
brassicasterol via campesterol and ergostaliobf which are of currentommercial
importanceg(Fabris et al., 2004 Hence, in this study | chose to work Bntricornutum
rather thanC. reinhardtii Further P. tricornutumis a seawater alga which makes the
mass cultivation more sustainable thithe fresh watelC. reinhardtii (Borowitzka &

Moheimani, 2013
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CHAPTER 2

General materials and methods

2.1 Source of microalgal species

A marine algaPhaeodactyluntricornutumwas selecteébr this study. Thispecies was
already successfully cultured in appond. An axenicculture ofP. tricornutum (CS
29/7), a pennate diatorshown in Figure 2,lwas obtained from CSIR® Australian
National Algae Supply Service, Hobart, Tasmania. 3tnain originatedin the United

Kingdom.

Figure 2.1: Microscopic image ofPhaeodactylum tricornutumCS-29/7.

2.2 Sterilization

All glasswares (Conical flasks, Schott bottles) ene cleanedusing bleach
(Brighton - containing 4% hypochlorite), washed under tap water, rinsed with distilled

water and sterilized bihewet het method using an autoclave (Touchct&eK 16965,
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LTE Scientific Ltd.) 4 121°C, 15 psi (pounds per square inch) for 15 minutes before
being used to cultivate algae. Sampling, media preparation and inoculation were carried
out in an aseptic manner idsi a laminar air flow chamber in front @aBunsen burner

flame.

2.3 Mediapreparation
Phaeodactyluntulture was maintained in modifiee/2 media without silicate

(Guillard & Ryther, 196usi ng nat ur al s e awa Beach (Pertht ai n
Western Australia). The seawater was stored at theeAly and D Centre, Murdoch
University in a dark 10,00Q tank to prevent algal contaminatiofihe seawater was

filtered in a BRITAOptimax water filtering dispenser using a BRFMAXTRA filter

cartridge, and the salinity was adjusted to 35\ addingsodium chloride or distilled

water. The salinity was measured using an automated Atagotoefieter (Model PAL

03S). The nutrient stock solutions were prepared using the recipe described in Table 2.1.
The 35 g.I* salinity seawater and all nutrient stadutions were autoclaved and cooled
overnight. The modified=/2 medium was prepared by adglistock solutions to the
seawater. The cultures were grown at 80 pmolphotonsn?.s? as the stock culture for

various studies and were manually shaken ordaya
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Table 2.1 Modified F/2 medium (Guillard & Ryther, 1962)

Components Stock solution  Quantity Volume of  Concentration
(g.L*distilled required stocksolution in the
water) for stock per litre of medium (M)
solution seawater
NaNQG; 75 - 1mL 8.82 x 1¢¢
NaHPQy H20 5 - 1mL 3.62x 10
Trace metals Mix - 1mL
FeCk.6H0 - 3.15g 1.17 x 16°
NaEDTA.2HO - 4.369 1.17 x 160
CoCh.6H0 10 1mL 4.20 x 10°
CuSQ.5H0 9.8 1mL 3.93x10°
MnCl24H20 180 1mL 9.10 x 1¢/
NaMo00O4.2H.0O 6.3 1mL 2.60 x 1¢°
ZnSQ. 7H0 22 1mL 7.65x 16
Vitamins Mix 0.5mL
Biotin 0.1 10mL 2.05x 1@
Cyanocobalamin 1.0 1mL 3.69 x 10°
Thiamine HCI - 200mg 2.96 x 10/

2.4 Analytical Methods
2.4.1. Growth measurement

2.4.1.1 Cell counting

After thoroughly mixing using manuahaking, ImL of culture was removed. A
Neubauer haemocytometer and coverslip was prepared by cleaning Onth (V/v)
ethanol. The coverslip was placed on top of the grid, and a drop of cell suspension was
placed at the end of the haemocytometer allowtitggspread under the coversépdthe
haemocytometer was placed un@ecrompoundmicroscope(LEICA DM500, LEICA
Microsystems Pty LtdAustralia). As soon as the cell suspensi@ameto rest, cells in 3
or more random squares were counted to get a mmirount of 100. The number of
cells observedand the squares countedvere recorded. The cell number (cet&™)

was calculated using the following equation describdtMimhemani et al., 2018
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Cell density (cells.mt) = (number of cells counted/number of squares counted} x 10

2.41.2 Specific growth rate, yield and productivity calculation
The growth rateK ) of the algal culture is expressed in this studgasling time

for the cell number and the following equation described by Moheimani et al. (2843)

used to obtain the growth rate:
K = [In (N2/Nu)] / (tz-t2)
where, Niand Nzare the cell derities at time 1 ¢ and 2 (%) respectively.

The spec f i ¢ growth rate (&) was <calcul ated

following equation as explained (Moheimani et al., 2013
e =HInRkR
The productivity (Pr) was calculated using the equation:
Pr yw ¢

wher e are thergpeciffgrowth rate and yield of the culture, respectively, at a

specific time.

2.4.2 Biomass determination

Whatman GF/C glass filter papers (0.25 mn@revprecombusted in an oven at
100 °C and stored in a vacuum desiccator over silica gel until use. Teerplasted
filter papers were weighed to 5 decimal places on a digital analytic ballsiettder
ToledoAB135-S, Rowe Scientific Pty Ltd, AustraliaJo determine dry weight and ash
free dry weight, 5 mL of the algal culture was filtered vatireweighed precombusted
filter paper and dried under suction using Millipore filtration apparatus. The filters were

washed with 5 mL of 0.6M isotonic ammaium formate, placed on crucibles and dried
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in an oven at 90 °C overnight. Filters containing biomass were cooled overnight in a
vacuum desiccator over silica gel, weighed and the dry weight')g:élculated as

follows:

DW = weight of algae containingter paper after drying the weight of filter paper
Algae containing filter papers were then ashed overnight at 450 °C in a furnace
cooled in a vacuum dessicator over silica gel overnight and reweighed to determine ash

free dry weight (g.L2):

Ash free dy weight (AFDW) = weight of algae containing filter paper after drying

weight of algae containing filter paper after ashing.

2.4.3 Total lipid determination
Total lipid was extracted following the method(Gfiassics Bligh & Dyer, 1959

modified by(Kates & Volcani, 196pand adapted bfMercz, 1994. Algal culture of 5
mL was filtered through a GF/C glass filter paper (0.25 mm). The filter paper was then
washed wth 5 mL of ammonium formate solution (0.65 M), folded, dried on tissperpa
and stored &80 °C until extraction.

Frozen samples were removed from the freezer and defrosted. Each sample was
transferred to a separate 15 mL plastic centrifuge tube, at@aspoon of liquid nitrogen
was added. After 30 minutes, the sample washed with 2 mL of solvent (2:1:0.8
methanol: chloroform: deionised water v/v/v) and additional solvent added to give a final
volume of5.7mL. Samples were then centrifuged at@@fm for 10 min, the supernatant
transferred to separate 210 glass tules with screw caps. An additional 5.7 mL of solvent
wasadded to the pellsthich was themesuspended by vortexing before being centrifuged
at 4000 rpm for 10 min. The supernatanswi@en added to the firsktractiongiving a

total supernatantolumeof 11.4mL. Deionised water (3 mL) was added to each tube and
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mixed well by vortexing followd by 3 mL of chloroform. Tubes were refrigerated
overnight to allow layers to separate. Orsmparation was complete samples were
removed fromhe refrigerator and allowed to come to room temperature before the top
agueouphase was removed using a syringe connected to a Pasteurgmpletiscarded

Any remaining watein the lower chloroform lpasewas then removed by adding86
drops of toluern. The toluene/water on the surface of the chloroform layer was carefully
removed Thegreen chloroform layer was then transferred tevpeeghed 4 mL vials and

the solvent removed under a stream of yhwae N> gas on a heating plate at 38 °C. The
vials containing the lipid extract were weighed immediately and total lipid ()L
calculated by subtracting the weight of the vials containing lipid from the weight of the

empty vials. The vials were storeddamn-80 °C for further analysis.

2.4.4Phytosterol analysis

Phytosterols were analysed as their silyl drivativdgal culture (25 mL) was
centrifuged at 4000 rpm for 20 minutes. The supernatant was discarded, and the pellet
was washed with 25 mL of 0.688 ammonium formate. The pellet was theansferred
to a 1.5 mL centrifuge tube arsthap frozen in liquid nitrogen. The samples were then
stored at80 °C until extractionThe method for phytosterol analysis was adapted from
(Fabris et al., 200)4and modified.

The frozen samples were thawed artracted twice using 251 NaOH (40%,

w/v) and 25CL of 50% (v/v) aqueous ethanohnint er n a | standard (2
mL s ol u t- ¢holestane in dichloromethane) was added and the sample incubated

in an oven at 90 °C for 2 hours. After ination, samples were cooldd room
temperature, 90@L of hexane added, and mixed well by vortexing, then left in a
refrigerator overnight for phase separation. The organic phase was transferred to 4 mL

glass vials. Pooled organic fractions were evaponatei@ér N gas and derivaged with
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20 e L o0 f(99.8%)mpurathasedrem SigmaAldrich (Australia)Jand 100 €L o
O-bis(trimethylsilyDtrifluoroacetamide (BSTFA) with 1% trimethylchlorosilane
(TMCS) (Novachem Pty Ltd, Australia). Authentic standaad$ brassdicast
sitosterol, campesterol, chalerol, ergosterol and stigmasterol (Novachem Pty Ltd,
Australia) were dissolved in dichloromethane (1:1 w/v), evaporated and derivatised
similarly.

GC-MS analysis was performed withShimadzu QP 2010 SC-MS system
equipped wi an autosampleDerivitized sample(1 pL) was injected onto a BPX5
column (30m x 0.25mm x 0.25um) supplied by Fischer Scientific (Australia) with
Helium (He) gas carrietdw fixed at 1 mLmin™. The injector temperature was 280 °C,
and the oven tempature was programmed as follows: initial temperature 80 °C held for
1 min, ramped to 280 °C at 20 °C miand held at 280 °C for 60 min then ramped to 320
°C at 20 °C mirt and held for 1 min before cooling to 80 °C at 50 °C tran the end of
the run.Target sterols were eluted from the column betweeBQLEin and identified
based orcomparisorof their retention times and mass spectral fragmentation patterns
with the deriatised authentic standardehe amount of each sterol was determined based
on the total ion diromatogran{TIC) response relative to that of the internal standard. A
total of 12 samples were run in a batch and duplitgéetionsof each sample were
performed. To ensure the accuracy in calibration the standard was run after every 4

sanples.
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CHAPTER 3

The effect of different light spectrum at different irradiances on the
phytosterol content ofP. tricornutum CS-29/7

3.1 Introduction

Microalgae can only use visible light, known as photosynthetically active
radiation (PAR), as thenergy sourcdor photautotrophic growtho convertcarbon
dioxide and water to carbohydrates and oxygen via photosynifMsiss oj e de k et
2004). The photosynthetic pigments present in microalgae that #iiisviransformation
doesnot, however, utilise all photons withime PAR region(Vadiveloo et al., 2007 The
light absorption and transformation efficiée®of microalgae are specispecific due to
certain features such age of photosynthetic pigmenfsresentandsize and shape of
the chloroplasts, cells andloaies(Moheimani & Parlevliet, 20131t is well known that
the photosynthetic performance of microalgae is influenced by the quantity and quality

of light they receivdLindstrom, 1984 Smith, 1983.

Light is consideredthe most critical factor influencing the growth and
biochemical composition of microalgae when thérieats and temperature are optimal
(Smith, 1983. For example, higher protein content was observed unider irradiance
of 21 umolphotonsn®?.stin Nostoc calcicolaompared t@2 and 63 umolphotons frs
1 (Khajepour et al., 2025 Light spectrhquaity has alsobeenshown to influence the
biochemical composition efisochrysis luteavith the lipid percentage highastderred
and green lightluringthe stationary growth phase, whereas the carbohydrate and protein
content was highewhen cultured usig white and green lightrespectively(del Pilar
SanchezfSaavedra et al., 201.@eside protein and carbohydrakevels,light also affects

sterol content in microalgg8rown et al., 1996Guedes et al., 201¥éron et al., 1996
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The increased light intensityalong with high phosphorus content resulted in
increased phytosterol contentScenedesmus quadricaualadCyclotella meneghiniana
(Piepho et al., 200)0Also, red lightat 10 °C resulted in highest phytosterol ¢entthan
white, blue at 10 °Gn P. tricornutum(Véron et al., 1996 Having said thatcurrent
knowledgeon the effect of lights only available for d&ew microalgal speci& Hence,it
is important to investigate these parameters in order to increase the potential of
commercial phytosterol production from microaldetricornutumCS-29/7.Red light
(approximately 660 nm) is considerxbe thepreferred spectral choice faricroalga
growth (Keeling, 2013. The smultaneous effestof temperature and light spectral
quality onP. tricornutum(Bohlin) reportetyy erhanced phytosterol production when red
light was usedVeéron et al., 1996 To the best of auth@knowledge no studies on the
effectof changing lighirradiance on phytostol contenf. tricornutumare knownThe
maximum photosynthetic rate &f tricornutumis observed to be abr near 150 pmol
photonsnt.s! (Bartual & Galvez, 2008 thussuggesting that levels 60 and 260 pumol
photonsnt.s* could be considered to represémiv and high light stress respectively
Hence, in thichaptel investigated the effecf redand whitdight at different irradiance

on the gerol content of. tricornutumCS-29/7.

3.2 Materials and methods

Please see ChapierGeneralmaterials and method section for the bulk of the
methods used in this chapter. The more specific materials and methods are summarised

below.

3.21 Cultivation set up

A red coloued acetatefilter (LEE filter) was usedd provide the red spectral
quality effect on the culture flask&.LEE bright red 026 filter (JohnBarry Sales, New

South Wales, Australighat allows passage afavelengtls between 600 700 rm was
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placed on top of glass stand and théture vessel plackon top.LED lamps (Philips
Dimmable LEDi cool white) weraused talluminatethe culture from théottom of the
glass stanas illustrated in Figure 3.WVhite light(wavelengtls between 400 700 nm)
was providedn asimilar wayusing the LEDampswithout wavelengtHilters in place
as a control. The glass standsed foreachspectral filtering experimentere divided in
to three sections (A, B and C) basedight intensities. Section AB and C for all three
light spectrunconditionsrepresent 60, 160 and 260 umolphotorsah respectivelyas
shown in Figure 3.1The irradiance (photon flux densiip)each of thehree sections for
eachwavelength rangeasmeasured at the centreipt of each culture flask usiragLii
185B quantm meter equipped withla-190SBPAR quantum sensor, (1CTOR, USA).
Irradiance control was achieved by providing mbED lampsfor high irradiance and
less for low irradianceDverheating of cultures growgrin the red light was prevented by
placingtrangarent glass vessels filled with distilled watederneath the cultufiaskto

absorb excess heat.
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Figure 3.1 Diagrammatic illustration of the cultivation set up.

P. tricornutumCS-29/7 maintained in F/2 culture medidetails inChapter 2-
General materials and methddgas inoculatd into two 250 mL Erlenmeyer flasks each
under white and red light at 60, 160 and 260 umolphatofAs?, respectively with a
12:12 h light: dark cycle at 25 + 3 °C and were mikgcand oncevery dayCultures
were acclimatisetb theexperimental coditions for 45 days. After acclimatisatiotine
two replicate cultures for each specific experimental condition were mixedhand
inoculated into four 250 mtultureflasks with an initial cell density of 1 x @ells.mL
1to create fourxperimental rplicates. The experiment was carried out for 30 days and
growth was monitored by cell counting as described in Ch@ptéeneral materials and
methodson everythird day. The alture was harveste@5 L) on day 12 (log phase)

and day 30 (stationary phasklarvested samples were used for determination of AFDW,
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total lipid and phytosterol analysis describedin Chapter 2- General materials and

methods

3.2.2 Data analysis

Data from cultures grown undelach of the light irradiance regimes for each
wawvelengthrangewere analysed separately using One Way Analysis of Variance (One
Way ANOVA). Any potential effects ofvavelength andyrowth phase were analysed
usi ng S ttastdAdl the shatisticdl testwere performed using SigmaPlot (Version

14.0).

3.3 Results

3.3.1 Effect ofirradiance and wavelengthon the growth andmaximum biomass
productivity of microalgaeP. tricornutum CS29/7

Figure 32 summarise®. tricornutumcellsgrowth under each culture condition.
There was no significant difference growth rate (ftest, P > 0.05 )n the log and
stationary phasdsr cells grownunderrespective irradiance of red and white ligiktept
for cells grown unde260 umolphotons rit.st at the stationary pha§é-test,P < 0.05)
(Figure 3.2). No significant differences(One Way ANOVA, P> 0.05) were observed
between the cells grown under different irradiancesespective white light at the log

and stationary phases aratllight during log phase of growth.
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Figure 3.2: Growth curve of P. tricornutum CS-29/7 grown under white and red light at irradiance
60, 160 and 260 umolphotons rhs! named as WA, WB, WC, RA, RB and RQrespectively.

The biomass contefitable 3.} of P. tricornutumwere not significantly different
(T-test, P > 0.05) between white and red light except for the cells grown at 260
umolphotonsm?.s?. Similarly, no significant differencéOne Way ANOVA, P > 0.05)
wasobservedwithin different irradiance of white light at the log phase and red light at
log and stationary phasddaximum biomass productivitiesf P. tricornutumgrown in
red and white lightvere not significantly differenfT-test, P > 0.05¢xcept for the cells
grown at 260umolphotonsm?.s?! (P = 0.001)(Table 31). Further, nadiffererce (One
Way ANOVA, P > 0.05)was observedh the maximum biomasgroductivities of the

cells grown within different irradiance of white and tegght at the log phas@ able 3.1)
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Table 31 Summary of growth and biochemical composition parameters d?. tricornutum CS-29/7 grown under white and red light at

60, 160 and 26Qumolphotonsm=2.s* (mean + SD) analysed at log (L) and stationary (S) phases of growth.

Light spectra White Red

Light irradiance

(umolphotons n.s1) 60 160 260 60 160 260

Growth phases L S L S L S L S L S L S

Speci fic Gr| 014+ 0.1+ 0.13+ 0.11 + 0.13 + 0.09 + 0.14 + 0.1+ 0.13+ 0.1+ 0.14+ 0.07 +
0.03 0.00 0.04 0.01 0.03 0.01 0.03 0.01 0.02 0.01 0.04 0.02

Biomass conteni{g.L?) | 0.14+ | 0.34+ 0.12 0.21 0.14 0.30 0.13 0.27 0.14 0.25 0.12 0.21
0.02 0.04 0.01 0.05 0.004 0.03 0.01 0.05 0.02 0.04 0.02 0.02

Maximum biomass| 0.02+| 0.04+ | 0.015+| 0.02% 0.02 + 0.02 + 0.02 + 0.03 + 0.02 + 0.02+ | 0.016+ | 0.01%

productivity (g.L t.day | 0.005 0.005 0.004 0.004 0.01 0.002 0.004 0.005 0.014 0.005 0.01 0.003

I

)

Total lipid content | 746+ | 305+35| 780 +28| 508 + 96| 825+ 19| 418 +80| 781 +£89| 351 +58| 524+ | 370x73| 771 +79| 395+ 45

(mg.g* AFDW) 95 158

Phytosterol content| 1.4+ |1.1+03|11+06|1.1+£0.2| 15=% 09+0.2|/05+02{09+0.1|04+01|11+04|05+0.2| 0.9+£0.2

(mg.g! AFDW) 0.2 0.03

Percentage (%) off 017+ | 0.37% 0.13 + 0.21+ 0.16 + 0.24 + 0.06 + 0.26 + 0.1+ 0.26 + 0.07 + 0.23 +

phytosterol present in| 0.01 0.1 0.08 0.03 0.01 0.05 0.01 0.05 0.04 0.11 0.02 0.06

total lipid

Maximum phytosterol | 28.0+ | 39.3 +| 20.0% 25.6 + 30.0+ 234+ | 6.0+£35 242+ 122+ 232+ | 84+33| 14.2+

productivity (ug.L- 4.6 11.2 16.3 6.8 10.2 8.1 4.9 5.0 8.8 4.3

Lday?)
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3.3.2 Effect ofirradiance and wavelength on the total lipid content of P. trigartum
CS29/7

The total lipid contenof P. tricornutumwas1.4 - 2.4 times highe(T-test, P >
0.05)during the log phassompared taéhestationary phasehen culturedvith thewhite
or red light. No significant differencgd-test, P> 0.05)were obseredin the total lipid
content between the cells growrnregpectivavhiteand red lightluring log and stationary

phases of growthxcept the cells grown at 160 pmolphotomé.s® at the log phase.

1000
1 WA
WB
B WC
< 8007 3 RA
= RB
E B RC
<
"o 600 -
o
= \
£ 400+ §
\ <w:'o;
= 200- § §
N\
N
0 N N

Log Stationary

Growth phases

Figure 3.3: Total lipid content of P. tricornutum CS-29/7 grown under WA, WB, WC, RA, RB and
RC.

The percentage of phytosteqmesentn the total lipid content aspresented in
Table 31was1.7 and 1.5 times highé®ne Way ANOVA, < 0.05)in white light at 60
umolphotonsm?.s? to that of 160 and 260 umolphotonsm?.s! respectively at the
stationary phase of growtlithe percentage of phytosterol in the total lipid conteas
approximately 2.8 and.3times highelT- test, P < 0.05)n White lightthan inred light

at 60and 260umolphotonam?.s? during log phase respectively.
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3.3.3 Effect of irradiance andvavelengthon the phytosterol content of microalgae P.
tricornutum CS-29/7

Brassicasterol wathe only sterol identified if®. tricornutumCS-29/7when the
cells were grown under white and feght at the differenirradiance Phytosterol content
of P. tricornutumCS-29/7 grownunderdifferent irradiancef white and red light didot
show any significant differencé®neWay ANOVA, P> 0.05 during logand stationary
phases of growtkeparatsgl (Table 3.1) Hence, indicating that irradiance does not have
any effect on the phytosterol contentRoftricornutum The phytosterol content of white
and red light showed no significant differencet€st, P > 0.05) except for the cells grown
at 60 and260 pmolphotonsmn?.s? at the log phaseThe phytosterol content d®.
tricornutumgrownunderwhite light at 60 and 160 umolphotons?.s*! remains virtually
the same during log and stationary phases of growth wiBitEeareduction(T-test, P <
0.05)in the total phytosterol content was observed in the cells gomgarwhite light at
260 pmolphotonsn?.stat thestationary phasthan the log phas&Vvhile, aultures grown
at the highest irradiance (260 umolphotomés™?) of red lightremained the san{@-test,

P >0.05)in thestationary phase but there wHisi 56 % oftheincreasgT-test, P < 0.05)
in the phytosterol content in the cells grown at 60 and 160 pmolphiotdss when the

culture progressed from log to stationary ph&sgure 3.4)
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Figure 3.4: Total phytosterol content of P. tricornutum CS-29/7 grown under WA, WB, WC, RA, RB
and RC.

Maximum phytosterol productivityof P. tricornutum CS29/7 was not
statistically differen{One WayANOVA, P> 0.05 at 60, 160 and 260 pmolphotoms
251 of white lightduring log and stationary phases of growtparately(Figure 3.5)
Under red light the maximum phytosterol productivity was obtaineat 60
umolphotonsm?.s? at the stationary phase gfowth and it was statistically similar

betweerred lights at 160 and 260 pnpbiotonsmn2.s? (One Way ANOVA, P > 0.05)
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Figure 3.5 Maximum phytosterol productivity of P. tricornutum CS-29/7 grown under WA, WB,

WC, RA, RB and RC.

3.4. Discussion
Light, being the energy source of microalgae during the phototrophic growth

phaseinfluences the growth of microalgéBrown et al., 196; Guedes et al., 2010In

this study red and white ligiwas shown to have no effect othe growth rateof P.
tricornutum CS-29/7. A study by Kumar et al. (2014) dvicractinium pusillumand
Ourococc multisporusshowed highest growth rate under a red light. Conversely, a
study by Das et al(2011) on Nannochloropsisp. reported that red light illumination
resulted inthe lowest growth ratein both phobtrophic and mixotrophic cultures.
However Vadiveloo et al. (2017) have reported acclimatisatioNafhnochloropsisp.
(MUR 266 and MUR 267}o different light wavelengthsresulted inno significant
differences in the specific growth rate under white and red light. Similarlg.in
tricornutumUTEX 646 no difference was observed in growth rate when grown in red and

white lightat 41 or 40 pumolphotons2.s?, respectivelyJungandreas et al., 2014l
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these studies indicate ththe spectral composition of lightan havelifferent impacts on

microalgal growth.

In addition to differences caused by changes in vesngth, intensity of light can
also influence microalgal growth through its impact on photosyntl®gskenreiter et
al., 2013. Different intensities of light showed no effect on the growth of microBlga
tricornutum CS-29/7. Simihrly, a study orGymnodium nagasakiengg Parrish et al.
(1994) observed no effect on growth whiee light intensities were increased from 35 to
75 umolphotonsn?.s?. These studies indicate the adaptation characteristic of species to

different intensies of light.

Thered and white lighd i dnét result i n ancgntemtar i at |
the present study except at 160 umolphatorfs?. This result supports the study of
(Vadiveloo et al., 201)7conducted orNannochloropsisp. MUR 266 and 267 where
white and red light spectra dibt affectthe total ipid yield. In this study, no significant
differences were obsemtavith increasing light intensities in white light at log phase and
red light at the stationary phask study by Gordillo, Goutx et al. (1998) . viridis
showeda decrease in total lipidontent when the light intensity was increased from
darkness to0 300 pmolphotonsn?.s! (Gordillo et al., 1998 While a study by Liu et al.
(2012) onScenedesmus obliqureported high lipid ontent at high light intensities (400
umolphotonsn?.s?) tested. All these studies suggehat each species of microalgae
respondsdifferently to variable light intensity. Varied resposs&® environmental

conditionsare most likelyrelated to their mabolic pathway$¢Juneja et al., 2033

Light intensi t i es of white and red |l i ght
phytosterol content of microalgde. tricornutumCS-29/7 during log and stationary

phases of growth in the present study. The results of this stuayt dopport the studies
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conduced by Gordlo et al. (1998) ounaliellaviridis, Guedegt al. (2010) ofPaviova
lutheri, and Parristet al.(199) on G. nagasakienserhereaccumulation of sterols was
observed when the light intensities were increaséowever, work conducted on
Nannochloropsisceanicacontradicts these earlier studiestahowed a decrease in total
sterol contenbf this algawhen the level of irradiance was increased from 100 to 300
umolphotonsm?.s? (Lu et al., 201% Indeed, the sterol biosynthetic genes involved in
the putative sterol biosynthesis pathway MNf oceanica are observed to be
transcriptiondly induced by ligh{Lu et al., 2013 From all these studies it is understood
that sterolscan play a role in adaptation to high light stress and assumes that sterol
biosynthesigs dependent o thechloroplast.On the other hand, theterol bosynthesis
pathway in diatoms igeported to be independenttb chloroplastMorris, 1984. This

can indicate whyhe sterol conterdf Phaeodactylumvasnot affected by light intensity

in the present study.

The wavelength of lighin a water body is influenced by various aspects such as
weather conditions, dissolved organic molecules, suspended matdadhs|iving and
dead, and water molecules theelges(Ballantine et al., 197%erlov & Nielsen, 1974
The variability of wavelengths of light play role in regulatingnicroalgal metabolism
at the cellular and molecular leveBallantine et al., 1979 Being a cell membrane
compoundg phytosterolsare also influencedby variation in the wavelength of light
received by the algdn this study, the phytosterol content of cgjtewn under white
light at 60 and 260 pmolphotoms?.s* was approximately 3 times higher compared to
the cells grown under red light during the log phase of growth. Thegesthe current
studyon PhaeodactyluntricornutumCS-29/7 aresimilar to those obtained by Veron et
al. (1996) onP. tricornutumat 23 °Cand Mohammady (2007) oRorphyridium

cruentumwhere the phytosterol content was observdze®times highewhen cultured
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in white light than red light. The difference in pbgterol content oP. tricornutumCS-
29/7 under white and red light can be relatec tistinctive response pattern towards
different light spectral quality. Various studibave suggestethat the response of
microalgae to different wavelengths of ligite by no means homogenous in all retgpec
as it may vary within species due to differende light accessory pigments and

membrane¢Ballantine et al., 197%aavedra & Voltolina, 1994/adiveloo et al., 2017

It is notable that aleg with the light spectral quality growth phase also plays a
role in determining the maximurphytosterol contet in P. tricornutumCS-29/7 under
thewhite light at260 pmolphotonsn?.s! andred lightat 60 and 80 pumolphotonsn2.s
1in this study.Variation in hochemical compositiodetween growth phasés very
common in microalgae due to accumulation of refiées and exhaustion of nutrients
(FernandeReiriz et al., 198presulting in the expansion or reduction of the membranes
This change in membrane size/extelidits variations in the steraontentdue to changes
in cell size In this study, the cause for varying phytosterol content is unmlgauggest
that the cells grown under red ligmight have undergonsomebiochemical variation
resulting in the expansion of membranes and henaecagaise in the phytosterol content

at the stationary phase of growth.

3.5Conclusion

Different wavelengths of lightinfluenced the phytosterol contenbf P.
tricornutum CS-29/7 with white light resulting inapproximately 3 timeshigher
phytosterolcontentrather than red light under the conditions studitalvever, different
intensities of |light didndét i mprove the |
to alter the phytosterol content and the trend is observed téféedi in both white and
red light. A decreasing trend was observed in the cells grown under white light whereas,

an increasing trend was observed under red light when the culture progressed from log to
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stationary phaseience, this study may help in umsianding thénfluence oflight in P.
tricornutum CS-29/7 while considering theommercial scale production of sterdhe
current study indicated that white light must be utilised for potential mass production of
sterols. Most importantly, it seems thila¢re is no need for reging the amount of light
received by cells as the white light intensities did not affect the amount of sterols produced

by this alga.
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Chapter 4

The effects of different nitrogen and phosphorus concentrations on the
phytosterol cantent of P. tricornutum CS-29/7

4.1 Introduction

Nutrients arecrucial requirements fomicroalgal growth and proliferation
(Dongre et al., 2014 Essential nutrients required for micigal growth are generally
classified as macronutrients and micronutriefsneja et al., 2033 Nitrogen and
phosphorusirethe majormacrautrientsas theyare vital elements gfrotein anchucleic
acid production, both ofvhich are essential components of all living célisneja et al.,
2013. Thesenutrientsalsoplay asignificant role in the synthesis of chlorophyllsineja

etal., 2013

Nutrient availabilities or concentrations habkeenshown to alter the sterol
content of microalgae (Breteler et al., 20Q5Kilham et al., 199Y. However, this
observation comes frownly a small number aftudiesand may not be universal for all
microalgae Limitation of nitrogen and phosphatan alter the lipid metabolisnfrom
membrane lipid to neutral lipidynthesigDongre et al., 2014Juneja et al., 20)3For
instance,nitrogen limiting/deprivation conditionsanlead to an increase in total sterols
Scenedesmus acutaad Chlamydomonas reinhardtdue to the expansion dffie cell
membrane to accommodate newly produstedage lipid¢Sterner et al., 199%an Donk
et al., 1997. However S acutusandC. reinhardtii growth slowed down significantly
due to low nitrogen availability, resulting in lowewerall biomass lipid and sterol
productiviies (da Costa et al., 201 duneja et al., 2013.i et al., 2008 Sterner et al.,

1993 Van Donk et al., 1997
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The main limitation in the use of microalgae for phytosterol productiotinés
rather low biomasssterol content (Volkman, 2003. However, microalgal biomass
productivity is significantly higher than land based crogBismukes et al., 2008
Francavilla et al., 2090 This means that microalgal phytosterol productiyity.ha.y
1) is assumed to be 51300 timesnuch greater than land crogscalculated irChapter
17 Introduction,Table 1.2 Thus, it is important to consider conditions which do not
adversely affect the biomass and further phytosterol productivity while coratingpl
enhancement of sterptoduction In this studyl focus on the impact of different nitrogen
and phophorus concentratiopparticularly nutrient repletigron the phytosterol content
and composition oP. tricornutumCS29/7 during early log, late log and stationary

phases of growth.

4.2 Materials and methods

Please see the general materials and methodiseE@hapter 2) for the bulk of
methods used in this chapter. The more specific materials and methods are summarised

below.

4.2.1 Cultivation set up

The P. tricornutum CS29/7 stock culture was maintained in modified F/2
medium at 35 g.it NaCl asdescritedin Chapter 2 General materials and methotis.
this study, culture media with 2 (F) and 4 (2F) times nmirate and phosphate than the
modified F/2 mediarespectivelywas prepared at 35 glINaCl. The study was carried
out in 250 mL conical flaskcontainingl50 mL of culture, anén initial cell density
maintained at 1 x f&ells.mL2. The cultures wemnixed continuously using a cylindrical
magnetic stirring bar of 15 mm (I) x 6 mm (d) (Buerkle, #9.303 142, Australia) at 150

rom and were growander white lighetani nt ensi ty of 4s3i012d2nol ph
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h light: dark cycle at 25 £ 3 °C. The epment was carried out with four replicates (n=4)

for 60 days.

Growth was monitored by cell counting as mentioned in ChapteGéneral
materials and methods everythird day to calculate cell density. The biomass (65 mL
culture) was harvested on dayéarly log phase), day 30 (late log phase) and day 60
(stationary phasefn equal volumef fresh culturemedia of the respective nitrogen and
phosphorus concentratieiiF/2, F ad 2F)to the culture removedereaddedto culture
flasks after every harvest to avoid any effect of nutrient deprivation. The biomass
harvested wsused for AFDW, total lipid and total phytosterol analysis as described in
Chapter2 - General naterials and method# portion of the harvested bimass at early
log and late log phase were also used for gene expression analysis as described in Chapter
6 - Relative gene expression of two genes putatively involved in the sterol biosynthetic

pathway ofP. tricornutumCS-29/7.

4.2.2 Data analysis

Statistcal tests between treatments F/2, F and 2F were analysed by One Way
Analysis of Variance (One Way ANOVA). The differences were considered significant
whenpv al ues are O 0. 05. f@emphases ofgoowth withina a mp
treatment were ahged by One Way Repeated Measure Analysis of Variance (One Way

RM ANOVA). All the analysis was performed using SigmaPlot (Version 14.0).

4.3 Results

4.3.1 Hfect of different nitrogen and phosphorus concentrations on growth and
biomassproductivity of microalgaeP. tricornutum CS-29/7

A growth curve was plotted as shown in Figure 4.1. The harvested cells were
allotted to early log, late log and stationaryapés based on the resulting growth curve.

Theinitial concentationsof nitrogenand phosphorus at differenutrient conditionss
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represented in Table 4.As can be seen in Figure 4.1 and Table duirientconditions
with highest nitroge and phosphars concentrationsesulted in significanthhigher cell

density(One Way ANOVA, P < @5).
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Figure 4.1: Growth curve. of P. tricornutum CS-29/7 grown in A. F/2, B. F and, C. 2F culture
conditions.

No significantdifferences in the biomas®ntent between F/2, F and 2F nutrient
conditions were observed at the log phase of growth (One Way ANOVA, P > 0.05).
However, the biomass content between three nutrient conditions varied at the late log and
stationary phase ofrgwth and highest biomas®ment was recorded in 2F nutrient
condition at the stationary phase of growth (One Way ANOVA, P < ONd&Yximum
biomass productivity was achieved in 2F nutrient condition at the stationary phase of

growth as represented in Frgud.2 At the log phase ajrowth,no significant differences
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(One Way ANOVA, P> 0.05)was in the biomass productivitpnditionsbetween F/2,
F and 2F culture conditions. Whereaisthe late log phase of culture conditiomsximum

biomasgroductivity wa2F>F>F/2(One Way ANOVA P < 0.05)
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Figure 4.2: Maximum biomass productivity of P. tricornutum CS-29/7 grown under F/2, F and 2F
culture conditions at three phases of growth.
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Table 4.1. Summary of growth and biochemical composition parameters fd?. tricornutum CS-29/7 grown under F/2, F and 2F nutrient
conditions (mean = SD) analysed at early log (Log), late log (L. log) and stationary (S) phases of growth.

Nutrient condition s F/2 F 2F
log | L.log | S log | L.log | S Log L.log | S
Initial concentrations d nitrogen 16.2+20 29.3x04 56.2+ 23
(mg.L)
Initial concentrationsof 13+£02 25+01 5.0+ 0.00
phosphorus (mgL ™)
Nitrogen removed (mg) 0.8+04 25+0.2 5.7+0.3 0.7+ 0.3 25+0.2 8.9+1.05 1.05+£03 | 2.7+£0.2 1193 =
0.3
Phosghorus removed (mg) 0.05+0.02| 0.2+0.01 | 0.35+ 0.02 | 0.04 +£0.02] 0.2+0.01 0.6 £ 0.06 0.06+0.02 | 0.17+0.01 | 0.7 +£0.02
Speci fic Growth 1+0.03 0.4 +£0.002| 0.35+0.004 | 0.8 £0.45 | 0.43+0.005| 0.36 £0.004| 1.01 +| 0.45+0.003| 0.4 +
0.004 0.006
Biomass content (g.t9) 0.24 £ 0.02| 0.40 £ 0.02] 0.3 +0.02 0.24+0.01] 0.60+0.07 | 0.70+£0.04 | 0.26 £+0.02| 0.80+£0.02 | 1.0+007
Maximum 0.24 +0.01| 0.15 +| 0.2+£0.01 0.24 +0.02| 0.3 £0.03 0.25+0.01 | 0.3£0.01 |04+0.01 0.4+0.03
Biomass productivity (g. L% day?) 0.005
Lipid content (mg. g* AFDW) 779+96 | 524+78 |380+47 652+ 75 | 366*35 301+13 697.+81 | 256+ 23 232+15
Phytosterol in total lipid (%) 0.11 +| 0.16 £ 0.02| 0.22+ 0.05 0.16 +0.02| 0.25+0.05 | 0.25+0.01 | 0.15+£0.03| 0.3+0.05 0.28 +
0.003 0.04
Phytosterol content (mg. ¢ 08+0.2 |08+0.1 |0.8+0.1 1+ 0.1 0.93+0.1 0.7+0.1 1.05+0.3 | 0.8+£0.1 0.6+0.2
AFDW)
Maximum phytosterol productivity | 191 +50 | 120+13 | 143+8.4 245+38 | 242+9.2 171+ 34 274 +76 | 281 +32 234+ 70
(ug. L™ day™")
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4.3.2 Effect of different nitrogen and phosphorus concentrations on total lipid content
and maximum lipid productivity ofP. tricornutum CS-29/7

Total lipid contentof P. tricornutumwasnat significanty different betweenthe
three nutrientonditions during the log phase of grow#igure 4.3, One Way ANOVA,
P > 0.05)However,331 63 % highertotal lipid content was observedearly log phase
compared tdhe late log phas@-igure 4.3, One WaRM ANOVA, P < 0.05). Afurther
declineof 28% was observebtletween late log phase asiétionary phasender the~/2
nutrientcondition(Figure 4.3, @e WayRM ANOVA, P < 0.05).0n the other handhe
total lipid content remainednchangedt the late log and stationary phaseslerF and

2F nutrien conditiors (Figure 4.3, One Way RM ANOVA, P > 0.05).
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Figure 4.3: Total lipid content (mg. g* AFDW) of P. tricornutum CS-29/7 grown under F/2, F and 2F
culture conditions at early log, late log and stationary phases of growth.

The phytosterolcomponent oPhaeodactylunipid content remaied consistent
between F/2, F ar2F nutrient conditions at the early log and stationary phases of growth

(Table 4.1 One Way ANOVA, P > 0.05)Two- and 1.8fold increasan the phytosterol
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component of lipidvas observetietween log and stationary phasé@ofricornutumCS-

29/7 culturewhen grown usindr/2, 2Fmedium(One Way RM ANOVA, P < 0.05)

4.3.3 Effect of different nitrogen and phosphorus concentrations on total phytosterol
content and maximum phytosterol productivity Bf tricornutum CS-29/7

Brassicasterol was the only sterokemtified in this study.Total phytosterol
content as represat in Figure 4.4 exhibited no significant differences between three
nutrient conditions during all phases of growth stud@deWay ANOVA, P > 0.05)In
the F/2 nutrient condition the phytosiercontent remainedinchangedn the three
different phases ajrowth (One Way RM ANOVA, P > 0.05)vhile there was &5 %
reduction in the phytosterol content in the stationary phase of F and 2F culture conditions

compared to log and late log phaé@se Way RM ANOVA, P< 0.05)

The nitrogen and phosphorus removed increased between phases in all three
nutrient conditionsMaximum nutrient remova{Table 3.1)occurredat the stationary
phaseunder2F condition.The extent of theutrients removed were virily the same
between nutent conditions during log and late log phases of growbduction in
phytosterol content was observed when the nitrogen and phosphorus removed were 8.945
+ 1.047, 0.559 £ 0.0655 mg and above respectidximum nutrient depléin took
place in2F condtion from day 33 till day 60. These studies suggest that nutrient levels

may not affect phytosterol biosynthesidhintricornutumCS-29/7.
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Figure 4.4: Phytosterol content (mg. g AFDW) of P. tricornutum CS-29/7 F/2, F and 2F culture
conditions.

Maximum phytosterol productivity was observed the 2F nutrient experiments
and the least phytosterol productivity was recorded under F/2 conditiomghytosterol
productivity in 2Fcondition showedno statistical difference between three different

phases of growtfOne Way RM ANOVA, P > 0.05)
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Figure 4.5: Maximum phytosterol productivity of P. tricornutum CS-29/7 grown under F/2, F, 2F

culture conditions.

4.4 Discussion

An individual stidy on nitrogen concentrations ranging from 1.24.4 mg.L}
duringP. tricornutumcultureshowed that the biomass remained stédlaitial nitrogen
concentratioa beyond 12.35 mg:t (Qiao et al., 2016 Whennitrogen concentrations
ranged betweer0 and10.5 mg.L%, the highestell density and biomass productiviby
P. tricornutumwas achieved at 5 mgXinitrogen concentratiofyY odsuwan et al., 2037
On the other hanghitial phosphorus conedrations ranging from 8.6 88.9 mg.L*
exhibited no significant effecton the biomasscontent (g.tY) of P. tricornutum
(Yongmanitchai & Ward, 1991 In this work Icombinedthe effects ofinitial nitrogen
and phosphorus concentrations ranging fidm56 mg.Lt and 1- 5 mg.L! respectively
on the growth, biomass and phytostazohtent and productivity d?. tricornutumCS-
29/7. The outcomshowed that the cell density and maximum biomass produabiviRy

tricornutum was highestat the 2F nutrient condtion with extreme nitrogen and
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phosphorugsoncentrationgdicating that nuient availability has a significant impact on

growth and biomass productivity.

Nitrogen and phosphorus supply influence the lipid content of microalgae (Juneja,
Ceballos et a013). InChlorella pyrenoidosahe total lipid content was observed to be
high at 0.69 mg.tt (26 % of dry cell weight)and significantly decreased when the
nitrogen concentrationsereincreased from 0.6%5 mg.L! (Nigam et al., 20111 An
increase in total lipid content from 23 to &6was observed iBcenedesmusp. when the
initial phosphorus concentratiomgrereducedrom 2.0- 0.1 mg.Lt (Xin et al., 2010.
Generally, nitrogen and phogpias limitation promote the synthesis of storage lipids
whereas, nitrogen and phogpuasrepletion promote #synthesis of polar and membrane
lipids resulting inan increasingtrend in total lipidwhen the nitrogen and phosphs

concentrationslecreasedn P. tricornutumused inthe currenstudy.

Nutrient supply in the culture media hasenshown to influenceéhe phytosterol
contentof microalgae However, no previous reports amy effect of nutrients on the
sterol content oP. tricornutumis available While, a study onThalassiosira weissflogii
showed high sterol contenndernutrient replete conditiawith initial nitrogen and
phosphorus concentrations at 0.0128 and 0.001leswectively(Breteler et al., 2005
On the other hand a study a green microalga8cemdesmusguadricaudawhere sterol
conent was high at intermediate phosphorus supply {0.26 mg) rather than at low
(0.03 mg) or high (1.5 mg) phosphorus supliepho et al., @L2). Whereas a study on
P. lutheri by (Ahmed et al., 20050ver a range of nitrogen (12:334.11 g.!) and
phosphorus (1:16.7 g.L'Y) concentrations and studies on gclotella meneghiniana
and Cryptomonasovata by (Piepho, MartirCreuzburg et al. 2012yithin a range of
phosphorus concentrations (0.AZ5 mg) showed stable sterol content. The study by
(Piepho et al., 20)2n C. meneghinianan various silicon concentrations between 2.8
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to 5.6 mg exhibited consistent sterol contehtis study onP. tricornutum CS-29/7
indicates that the concentrations of nitrogen and phosphorus considerea ledfeet on
the phytosterol content. The results of this studyotricornutumCS 29/7 show some
similarities to the studies phmed et al., 201)5on P. lutheriand (Piepho et al., 2012
onC. meneghinianandC. ovatawhere nutrient levels caused&iect on the phytosterol
content All these studies indicaethat the effect of nitrogen and pd@horus

concentrations on the phytosterol content are species specific

Although, the nitrogen and phosphorus concentrations showed no effect on the
phytosterbcontent, a reduction in the phytosterol content was obséetedceeriate log
andstationary phse of growth. Itan behypothesised that phytosterdi®ing structural
lipids, are associated with the cell volume (da Costa, Le Grand et al. 2017). During growth
phases biochemical composition variation occurs due to the exhaustion of nutrients and
accunulation of metabolitesesulting in the expansion or reduction of membraares
thus cell size varieqFernandeReiriz et al., 198p The data from this experiment
suggests that undérand Z conditions a biochemical variatitsoccurredduringthe
stationary phase gfrowth resulting in the reduction of membraee in the algdence

reducing the phytosterol contehiringthis phase of growth.

4.5 Conclusion

This study on different nibgen and phosphorus concentrations empbstiat
nutrient replete conditiordo not alter the total phytosterol contesitthe algaHowever,
different concentrationsf nitrogen and phosphorus play an important role in cell growth
and proliferation thusimproving the biomass productivity and the phyosl
productivity inthe2F condition where nitrogen and phosphorus concentratioas tuesr
highest This study thus helps in understanding that 2F culture condition can be used for

commercialised phgsterol production for maximum phytosterol prodwity of P.
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tricornutum The remaining nutrients in the media can be considered for recycling and

hence performing sustainable phytosterol production

81



CHAPTER 5

The effect of salinity on the phytosterbcontent of microalgae
Phaeodactylum tricornutum CS297

Acknowledgement

I acknowledge the assistance of Honours student Mr. Jack Weatherhead in
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5.1 Introduction

Freshwaters a finite resource and must only be used for huomsumption and
conventional agriculture to generate necessary food for population. This means that
freshwater microalgae cultivation is ultimately unsustainable and, therefore, one should
solely focuson growing saline microalgae for generating highueabroducts such as
phytosterols. 8linity is a significant environmental factor influencing production due to
its effects on growth and biochemical composifiiumeja et al., 201Xirst, 199Q Parida
& Das, 2003%. For exampleP. tricornutumis reported tgrow wellover a salinity range
of 10- 60 g.L! (JaramilleMadrid et al., 202Ppwith an optimumgrowth rate obtained
between 14 30 g.L! (Sigaud & Aidar, 1998 Changes in salinity are known to regulate
lipid and fatty acid metabolismuith low salinity levels resulting in low lipid productivity
and high salinity levels resulting in arcrease in pid conten{Kirst, 1990Q. For instance,
increasing salinity levels from 1035 g.L! were shownto increase pid content in
Isochrysissp andNannochloropsis oculatéRenaud & Parry, 1994Additionally, a 20
% reduction inprotein content per cell was also reportedretraselmisseucicawith
increasing salinity (0 to 35 gl) (Fabregas et al., 1984 These effects are expected to
promote membrane biosynthesis while réasingmembrane permeability and fluidity

(Chenet al., 2008 Harwood & Harwood, 1998Xu & Beardall, 1997. Variations in
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salinity are considered to affect membrane permeability and fluidity in thossible

ways:

1. By creating osmotic stresas a result ofreduced cellular water potential
(movement of water molecules);
2. Salt stress caused by the extreme uptake or loss'aridaCl ions;
3. Imbalance in the cellular ionic ratio due to the selectivepermeability of the
membrane(Chen et al., 20Q&irst, 1990.
Variations in salinity play mimportant role in regulating membrane function by altering
the composition of sterols and other structuraldbpisuch as phospholipids and
glycolipids (Parida & Das, 2005 However, there is limited information on the effect of
salinity on thephytosterol content of microalga®f the few studies that have been
conducted in microalgae it is obvious that changes in salinity induce varied responses in
different species witlChen et al., (2008)eporting an increase with increased salinity
stress inNitzschia laevisvhile, Francavilla € al., (2010)showed a decrease in sterol
content forDunaliella tertiolectaand Dunaliella salina Indeed, to the best of my
knowledgeand no information is availabte the effect of salinity changes on phytosterol
content and productivity ifPhaeodactyim tricornutum In this study,the effect of
salinities at25 g.L'* and 35 g.L'! NaCl on Phaeodactyluntulture was assessed. The
ranges were chosen basedpoavious studies bghen et al., (2008)n Nitzchia laevis
and Francavilla et al., (20109n D. tertiolectaand D. salinaindicating that optimum

phytosterol content wadsundat salinitesbelow 35g.L™ NaCl.

5.2 Materials and methods

Please see Chapter eneral materials and method for the bulk of the methods

used in this chapter. The more Sfieanaterials and methods are summarised below.
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5.2.1 Cultivation and culture sampling

PhaeodactyluntricornutumCS-29/7 originally maintained in modified F/2 media
(see Chapter 2Generaimaterials andnethods) was cultivated in modified 2F media at
359.Lt NaCl salinity for use as a stock culture for this experiment. The culture was then
transferred to modified 2F culture media at 25 and 35' §laCl, respectively, and
acclimated for 18 days. Experimental cultures were maintained in 500 mL Schie bot
containing 350 mL of culture and an initial cell density of 1 %cElis.mL2. The wltures
were grown at a light intensity 800 umolphotons.rms?tin a 12:12 h light: dark cycle
at 25 + 3 °C and were manually mixed once per day. Four replicatesmaintained.
Cell densities were determined as described in ChapteeBeramaterids andmethods.
An aliquot of the culture (65 mL) was harvested on day 9 (log phase) and day 45
(stationary phase) and the biomass was used for determination of ABaWipid, and
total phytosterol as described in ChapteiGeneramaterials ananethods. A portion of
the harvested biomass was also used for gene expression analysis as detailed in Chapter
6 - Relativegeneexpression otwo genesputatively involved in thesterol biosynthetic

pathway ofP. tricornutumCS-29/7.

5.2.2 Dataanalysis
St u d etest was performed between 25 and 35dNaCl salinity treatments

and within each treatment with 35 ¢f.Iconsidered as the control. All the statistical

andysis was performed using SigmaPlot (version 14.0).

5.3 Results

5.3.1 Effed of salinity on the growth and biomass productivity

The growth curves were similar f&. tricornutumcultures at both salinities
Specific growth rate was higheg@t test P <0.05 during log phase growth in both 25
and 35 g.t salinity and the rate did not appear to be affected by salinity level (Table
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5.1). As expected, a reduction in the specific growth was observed when cultures moved

to stationary phase growth (day 45)
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Figure 5.1: Growth curve of A) 25and B) 35 g.L:* NaCl culture conditions.

Biomass content wasot influenced by the variation in salinity levels. The highest
biomass content was recorded at the stationary phase of growth for both 25 and 35 g.L
conditions and netatistically significant difference was observed in the biomass content
(T test, P > 0.05Maximum biomass productivity was obtained during the log phase for
both the 25 and 35 gliconditions and netatisticallysignificant differeres werefound

in the maximum biomass productivity (Table J.fest, P > 0.0p
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Table 5.1 Summary of growth and biochemical composition parameter foP.
tricornutum CS-29/7 grown at 25 and 35 g.  salinity. Values are mean + SD and

were analysedat both log and stationary phases of growth.

Salinity Conditions 25 g.L'* NaCl 35 g.Lt NaCl
Growth phases Log Stationary Log Stationary
Specific growth rate (u) 0.9 £0.01 0.2 £0.03 0.9 £0.01 0.1 £0.02
Biomass content (g.t%) 0.16 +0.005| 0.3 002 0.15+0.005 | 0.3+0.02
Maximum biomass| 0.1£0.005| 0.05+0.01 | 0.1+0.003 | 0.04+0.005
productivity (g.L “.day?)

Maximum Lipid | 0.1+0.01 | 0.02#0.006 | 0.1£0.01 | 0.01x0.002
productivity (g.L t.day?)

Total lipid content (mg.g!| 878.5+53 | 485.6+71 | 715.0+81.35| 384.1+8.02
AFDW)

Brassicasterol contentf 1.9%0.1 1.7+0.6 21+0.2 0.8+0.2
(mg.g* AFDW)

Ergosterol content (mg.g* 0.19 £0.03 0.18 +0.03
AFDW)

Total phytosterol content| 1.9+0.12 1.9+0.63 2102 1.0 +023
(mg.gl AFDW)

Phytosterol in total lipid | 0.16 0.1 0.39+0.1 0.24+0.01 | 0.27+0.06
(%)

Maximum phytosterol | 243.8+885| 113.2+452| 260+97.1 427 +14
productivity (g.L “.day?)
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5.3.2 Effect of salinity on the total lipid content

Total lipid content wasignificantly 1.2 timeshigher under low salt conditions
(25 g.'Y) during log and stationary phases (Figure Btést, P < 0.0p Total lipid content
also varied significantlypetween the two growth phasts both the 25 and 35 gL
culture conditios (Table 5.1}-test, P < 0.05)A severe reduction of 45 and 46 % in total
lipid content was seen durirsgiationary phase of growth in 25 and 35 frespectively
(T test, P < @M5). A 2.43fold increase of phytosterals a proportion ofotal lipid was
observed at the stationary phasempared to the log phase, in ft%eg.L'* NaClcultures.
Phytosterohs a proportion abtal lipid of remained consistent during log and stationary

phasesvhen the alga was cultured2f g.L'* NaCl condition.

1000
N 05 . [ NaCl
[ 35¢. " NaCl
s 800 -
a)
LL
<
"o 600 -
(o)
E
=
L 400
c
o
(&)
o
=3
— 2001

Log Stationary
Growth phases

Figure 5.2: Total lipid content of P. tricornutum CS-29/7 grown in 25 and 35 g.t: NaCl
5.3.3 Phytosterol content of the microalgéd® tricornutum CS29/7

Total phytosterol contenh log phase growth showed no significant eliéinces
due to salinity (Figureb.3 t test, P > 0.05) However, the sterol content varied
dramatically between log and stationary phase for cultures grown at 3&ighla52 %
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decrease in théotal phytoseérol contentin the stationary phaséhytosteol content

remained virtually the same fBx. tricornutumcultured at 25 g.t salinity.

A difference in the composition of phytosterols was observed during log and
stationary phases for both tisalinity conditions studied. Brassicasterol was the only
sterol identified during the log phase of growth under both salinity conditions (Table 4.1).
However, the presence of ergosterol was detected during the stationary phase in both the
conditions studied, constting approximately 1418 % of the total phytdgrol content.

As was the case for total phytosterol, the amount of ergosterol was not affected by salinity
level. However, while brassicasterol content showed no statistically significant difference
between the log and stationary phase at 25 galinity (T test, P > 0.05)there was
significant reduction in the amount of brassicasterol observed when the 8&uifires

shifted from log to stationary phagetest, P< 0.05)This 62 % decrease massicasterol

content is reflected in the overall demse found for total phytosterol content.

88



3.0

I 05 . " NaCl
3 359. ' NaCl

2.5 1

2.0 A

1.5 A

1.0 A1

Phytosterol content (mg. ¢ AFDW)

0.5 1

0.0

Log Stationary
Growth phase

Figure 5. 3: Total phytosterol content ofP. tricornutum CS-29/7 grown in 25 and 35 g.t! NaCl.

The maximunphytosterol productivity was obtained during the log phase of both
conditions but there was no statistically significant difference between the s@lialithe
5.1, ttest, P > 0.05)However, a severe reductionproductivity (62 %) was observed in
the 35 g.I* NaCl condition compared to the 25 g.NaCl condition durig the stationary

phase.

5.4 Discussion

Changes inthesalinity of the culture mediurare well known to affect the growth
rate and biochemical composition of micraegJuneja et al., 201 Xirst, 1990. Such
effect appears to also be true for,thleytosterol content of microalgae. A study by Qiao,
Cong et al. (2016) oR. tricornutumBohlin showed that biomaséisst increasednd then
decreased with increasing salinity, with a highest biomass obtai@8dya-* NaCl. The

decrease in biomass with increasing salinities is proposed as a resultaafaptability
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of the organism to higher saliniti@Rao et al., 2007 However,in this study, the biomass
remained stable at both salinity levels during log and stationary phases of growth. A stable
biomass productivity at 25 compared to 35gNaCl of P. tricornutumindicates that

this algamay be well adapted to 25 gtINaCl. Thus, it is understood that fé?.
tricornutumCS-29/7, that salinities betwee2s and 35 g.1* NaClare within theoptimal

salinity levels for growth.

An increase in total lipid content at 25 ¢.NaClcompared t@ultures grown at
35 g.L'! NaCl in thepresent study indicates that salinity plays an important role in
influencing the total lipid contemtf P. tricornutum Also, a decrease in total lipid content
was observed when the culture shifted from log to statiophase in both 25 and 35 g.L
1 NaCl. Similarly, a study on diatorfihalassiosiraweissflogii showed higher lipid
production at lower salinity level (25 giiINaCl) during the exponential phase of growth
and also observed a reduction in lipid contenhatstationary phase of growthlnth 25
and 35 g.[ salinity levels(Garcia et al., 20)2Variations in lipid content due to changes
in the salinity level obsged in these studies supports the opinioiio$t, (1990)that
changes in salinity regulates lipid metabolism and it is undmddteat most microalgae
controls lipid biosynthesis as a physiological resistance strategy to salinity(Segadi

etal., 2013

The effect of salinity on thalgalsterol content hebeen reportedincethel 9 8,0 6 s
mostly from work on Dunaliella specieswhich have been widely studietlie to their
ability to withstandawide salinity range (21 222 g.L* NaCl) (Francavilla et al., 2010
Peeler et al., 198%elazny et al., 1995 Only limited information is available on the
effect of varying salinities on thghytosterol content of other microalgaeéChapter 1
Introduction, Table 1.4 Culture conditions affecting st@ concentration of microalgal

species). No difference in the sterol content (MgAFDW) was observed irP.
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tricornutum CS29/7 at differen salinity levels during the log phase in this study

i ndicating that wvari at i omthsephytosterad conterdnthet y d ¢
log phase of growthiVhereasphytosterol content was reducedha stationary phase in

35 g.L'* NaCl The findings in this study at the log phase of growth were supported by a
study onD. salinaby Peeler et al., (1989yho did not observe any significant variations

of sterol content at salinities of 49.6, 99.3 a?@ 3. NaCl and a study oRavlova
lutheri by Ahmed et al., (2015)hatd i dndét observe any signif
content at different salinitied$, 25, 35, 45 g.t). Studies orD. salina(UTEX 1644) by

Peeleret al, (1989) showed no change in phytosterol content by varying salinities (49.6

to 222 g.L.t NaCl) (Peeler et al., 1989vhich supports theurrent study ol®. tricornutum

at the log phase of growtlvhere varying salinities did not influence the phytosterol
content.Wile, a study by Francavilla, Trotta et al. (2010orsalina(a local algal strain
obtained from Fitoteca of Consiglio Naziéeaelle Ricerche (CNR)stituto di Scienze

Marine (ISMAR), Lesina, showed a decreasing trend in phytosterol content with
increasing salinities (35 to 122 ¢:INaCl) However a decreasing trend in sterol content

was reported with increase in saljni.0to 60 g.L:* NaCl) inP. tricornutum(CCMP632)
(JaramilleMadrid et al., 202Pwhich support the current study in 35 g.¢alinity at the
stationary phas of growth.Hence, vaed responses of differespeciesnay be related

to adaptation capacities speciegto changing salinitie§laramilleMadrid et al, 2020.

Although, the salinity levelsidn 6 t hspecifc impact on the phytosterol
contentof P. tricornutumin this study, there was a reduction in phytosterolemnivhen
the culture shifted from log to stationary phase of growth in 35.¢gRPhytosterols are
structural, rather than storadipids and it has been hypothesised that phytosterol content
is linked with the cell voluméda Costa et al., 20L7Cell size varies at different growth

phases due to membrane expansion and reduction and this should lead to increases or
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decreases in the amount of sterol present. Membragransion and reduction is mainly
caused by the accumulation or deteriorationb@fchemical components especially
storage lipids or carbohydrates, as result of various environmental factors insotirey
culture. It has been reported that increased salievels (35 to 65 g. NaCl) resulted
in adecreasing trend in the cell vohe forP. tricornutumCS-29/7 (Ishika et al., 2018
Likewise,a decrease in cell size was notedlimalassiosira weissflogivith anincrease
in salinity levels from 25 to 50 giNaCl(Garcia et al., 20)2A similar trendcould be
expected in this study resulting @nredwction of phytosterol content at the stationary
phase of 35 g.tt NaCl. However further studies are required to fully understahe
variation of phytosterol content in only 35 ¢.INaCl and not in 25 g:£ NaCl at the

stationary phasef P. tricornutum

The composition of sterols was similar under both salinity conditions studied
indicating that the composition of sterols is not affected by salt concentrations. This report
was similar to the findings of Janillo-Madrid, Ashworth et al. (2020) where the
principal sterol ofP. tricornutum,was not significantly affected by salt contmtions.

The major sterol observed was brassicasterol as has been the case for previous reports on
P. tricornutum(Fabris et al., 20z4JaramilleMadrid et al., 2020Rampen et al., 20)0

The putative biosynthetic pathway Bf tricornutumproposed by Fabris, Matthijs et al.

(2014) suggests that beisasterols synthesised via ergosterol and campesterol. Besides,

the presence of campesterol was detected in previous siikdibss et al., 2014
JaramilleMadrid et al., 2020Rampen et al., 20)Q@vhereas it was not detected in this
study. Hence, assuming the possibilities of an alternate substrateathway for
brassicasterol synthesis where campesterol is not used.

The detection of ergosterol at the stationary phase for both salinity conditions

tested is highly interesting as the presence of ergosteRl fricornutumspecies has
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previously ony been reported by Fabris et al. (2014) when the algal culture wasdtreat
with terbinafine, a chemical inhibitor (used inhibit of conventional SQE and OSC
enzymes) while validating the presence of 2,3 epoxy squalene as an intermediate in the
predictedsterol biosynthéc pathwayin P. tricornutum. The presence of ergostémat
the stationary phase of growth in this study indicates that ergosterol might beaeither
sterol biosynthetic intermediate arapidly turningover sterol as reported ¥xhmed et
al., 2015 Zelazny et al., 1995 Hence, this study becomes the first to support the
involvement of ergostef in the putative biosynthetic ffavay of P. tricornutum
proposed by Fabris et al. (2014).

There are only two reports in the literature that detail a change in sterol
composition as a result of varying salinity. A study by Francavilla, Trotta et al.&2010
D. salina,andD. tertiolectadetected 12 different sterols, of whiclwére consideretb
be major. Those authorsbserveda 541 61 % decrease in the concentratiafghose
major sterolswhen the salinity was increased from 35 to 81gNaCl. Major sterol
concentrdonsthen increased 16 82 % when the salinity was further increased to 122
g.L NaCl (Francavilla et al., 2090Similarly, a study of®. lutheriby Ahmed, Zhou et
al. 2015 detected 19 different sterols, out of which 8 sterols variéd64.5% when the
salinity increased from 15 to 35 ¢tINaCl on day ®f cultivation(Ahmed et al., 2015
The compositind difference after an osmotic shock in the previous studies is assumed
to be a result ahe involvement of particular sterols in the cell recovery proddssed
et al., 201%. In this study brassicasterol beitige only major sterglis expected to be
responsible for cell recovery processfter an osmotic shock. Hence, this studhs
helped in understanding thdesft of varying salinity levels on the phytosterol content of
P. tricornutum which should be consiled when assessinghe commercial scale

production of sterols.
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5.5Conclusion

Salinity variations did not cause any significant changesytosterol production
during log phase of growth while varied at the stationary phase of girotii microalga
P. tricornutum CS-29/7. As in previousreports brassicasterol was the major sterol
detected in this studyrhedetection of ergosteraoluringthe stationary phasesderboth
the salinity conditions in this study supports the involvement of ergosterolpnapesed
biosynthetic pathwayence, this studwill be helpful in understanding the potential of
P. tricornutum CS-29/7 for commercial sde production of phytosterglespecially

brassicasterol.
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CHAPTER 6

Combined dfect of temperature and salinity on the phytosterol content
of P. tricornutum CS-29/7

Acknowledgement

| acknowledge the assistance of Honours student Mr. Jack Weatherhead in

carrying outpart ofthis experiment.

6.1 Introduction

Temperature iasignificant environmentagdarameters that affects every aspect of
aquatic life and the effects involve eittarincrease in metabolic rate of organisms or
death of sensitive organispiepending on the temperature of the water and the @gtent
which theorganisms are exposed twetraised temperatu(Rajadurai et al., 2009 eoh
et al., 2019 Microalgae being a predominalyt aquatc organism are influenced by
variations in temperature via alterations in growth and bimated composition(Juneja
et al., 2013 The response of microalgae to temperatures changes varied from species to
speciegRenaud et al., 2002For example, the growth rate was observed to increase in
Chaetoceros calcitranghen the temperature raised from 6 to 2%&@ning et al., 200
In Nannochloropsis oculatthe lipid content increased whére temperature was raised
from 20 to 25 °C while inChlorella vulgaristhe lipid content decreased when the
temperature was raised from 25 to“8)(Converti etal., 2009. An increase in protein
concentration was observedScenedesmugp. when the temperature was reduced from
20 to 10 °C(Rhee & Gotham, 1981 Temperature alsompactcell size with the cell
volume found to be increased $tenedesmugp. at sub optimal temperaturgthee &
Gotham, 198) The nutrient uptake efficiency of microalgae is reported to reduce under

suboptimal temperaturéRhee & Gobham, 1981
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Temperature has been reported to influence the sterol content of microalgae.
However, only a few studiesme reporte@nd detas of these can be found ©®hapter 1,
Table4. Apart fromthe independent effect of temperature on pigtosterd content of
microalgaecertain interactive effects of temperature and light spectral qsknon et

al., 1996 or temperature and nutrient supgBiepho et al., 20)2have been studied.

The optimal temperature fé. tricornutumCS- 29/7growth has not actually been
experimentally determineet for variousstrains such a®,. tricornutum2038(Jiang &
Gao, 2004, P. tricornutumBohlin (Qiao et al., 2016 andP. tricornutum (TX-1)
(Goldman, 197ythe optimal temperature for growth is reported as 20 °C. éjenchis
study, | focus on understanding the effect of sub optimal (15 £ 3 W¥@wra optimal
(25 * 3 °C) temperatures and the interactive effect of salirdti2§ and 35 g.1* NaCl

on the phytosterol content Bf tricornutumCS-29/7.

6.2 Material s and methods

Please see Chapter Z5eneral materials and methods for the bulthefmethods

used in this chapter. The more specific materials and methods are summarised below.

6.2.1 Cultivation set up
The algaP. tricornutumCS-29/7 was originally maintained in modified F/2 media

(as described in Chapter -2General materials and nhetds) and was cultivated in
modified 2F media at 35 gl NaCl salinity to be used as a stock culture for this
experiment. The culture was thearsferred to modified 2F culture media at 25 and 35
g.L't NaCl, respectively. Each culture was grown at both#13 and 25 + 3 °C and
acclimated for over 18 days. The experiment was carried out at 15+ 3 and 25+ 3 °C in
modified 2F culture media grownsalinities of25, and 35 g. tin 500 mL Schott bottles

with 350 mL of culture and an initial cell densitylk 10° cells.mL2. The cultures were
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grown at a light intensity of 300 umolphotongist with a12:12 light: dark cycle and

were manually mixed once every day by hand. Four replicates were maintained. Cell
densities were determined as described in @né General materials and methods. A
portion of the culture (65 mL) was harvested on day 9§luase) and the biomass were
used for determination of AFDW and total phytosterol analysis as described in Chapter 2

T General materials and methods.

6.2.2 Data analysis

St u d etest Wwas applied between the 15 and 25 °C temperature treatments
grown & 25 and 35 g.1! NaCl saliniy. Data related to the salinity differences &t°2
has been previously discussed in ChapteEBect of salinity on the phgsterol content
of P. tricornutumCS-29/7. All the statistical analysis was performed using SigmaPlot

(version 14.0).

6.3 Results

6.3.1 Effect of temperature on the growth and biomass productiviti ofricornutum
CS-29/7grown at 25 and 35 g.t salinities

The different temperatures hadsignificantinfluence on the specific growth rate
of P. tricornutumCS-29/7 when grown at 35 giNaClI (T test, P> 0.05 The specific
growth rate wasignificantly higher atthe lower temperature (15 = 3 °C) in thelwres
grown at 25 g.t! salinity (Table 6.1t test, P < 0.06 On the other hand, the biomass
content (g.tY) showed no significant difference between the cultures grown at different
temperatures in both 25 and §%.* salinities (Ftest, P > 0.05). fle maximum biomass
productivity was obtained in cultures grown at 25 °C in 25'galinity although this was
not significantly different to the results for the cultures grown at 3% §TLtest, P>
0.05. A 25 %increase in biomass productivity was alveel when cultured a25 g.L*

and thetemperature was raised from 15 to 25(T@&est, P < 0.05)While, no statistical
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difference was observed for the cultures grown at 15 and 25 °C in 3NgClI (T test,
P > 0.05)
Table 6.1 Specific growth rate, madmum biomass productivity, phytosterol content

and, maximum phytosterol productivity of P. tricornutum CS-29/7 grown at 15 and

25 °C under different salinity conditions (mean * SD).

Temperature 15°C 25°C

Salinity 25g.L*NaCl | 35g.L*NaCl |25 g. L!|35g.L!NaCl
NacCl

Specific growth rate (1) | 0.96 £0.01 | 0.94 + 0.02 | 0.92 + 0.01]| 0.93 £ 0.01
Biomass content (g.L) 0.13+£0.01 |0.14+0.01 | 0.16 + 0.15 +

0.005 0.005
Maximum biomass
productivity (g.L *.day?!) | 0.12+0.01 | 0.13+0.01 | 0.15 +| 0.14 + 0.003
0.005
Total phytosterol content
(mg.gt AFDW) 28+08 |16+03 [19+0.1 |21+0.7

Maximum  phytosterol
productivity (ug.L l.day | 340 + 94 208 £ 31 224 £97 | 260 £ 97

)

6.3.2 Effect of temperature and simultaneous effect of temperatangl salinity on
phytosterol content oP. tricornutum CS-29/7

Brassicasterol was the only phytosterol identified in this study. There was no
difference in the phytosterol contéfRigure 6.1, Table 6.1) between the two temperatures
studied individually 825 (p = 0.127) and 35 giNacCl (p = 0.083) salinityT test, P >
0.05) An interactive effect of temperature and salinity was observed to influence the
phytosterol content of rmaroalgaP. tricornutumCS29/7. The phytosterol content of
microalga was aderved to be significantlygigherwhen grown at 15 °C temperature and
25 g.L' NaClthan the cells at 15 °C and 35 g.NaCI(T test, P < 0.05)A 25 % increase

in biomass produatity was observed when cultured at 25 g§avhen the temperature
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was raisedrom 15 to 25 °QT-test, P < 0.05)No difference was observed between 25

and 35 g.t* NaCl salinities at 25°C temperatufetest, P > 0.05)
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Figure 6.1: Phytosterol content ofP. tricornutum CS-29/7 grown at 15 and25 °C in 25 and 35 g.I*
salinities.

Maximum phytosterol productivity was obtainedAntricornutumcultures grown
at 15°C in 25 g.I'* NaCI(T test, P < 0.05However, no significant statistical difference

wasobserved between the cultures grown aaf8 25 °C in 25 g.t NaClI (T test, P >

0.05).
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Figure 6.2: Maximum phytosterol productivity of P. tricornutum CS-29/7 grown at 15 and 25 °C in
25 and 35 g.L! salinities.

6.4 Discussion

Temperature is one of tHandamental factors affecting the algal growth. It is
reported that under adequate nutriant lightconditions,the optimal temperature for
maximum growth rate differs from species to spe(®@sgh & Singh, 201p In this study,
the specifiogrowth rate was high at 15 °C and maximum biomass productivity at 25 °C
when grown in 25y.L? salinity, indicating that temperature influences the growth and
maximum biomass productivity. A study tsochrysis galbanéy (Durmaz et al., 2008
observed maximum spiic growth at 18 °C than at 26 °C. An individual study on the
effect of temperature da. tricornutumalso indicates that high growth rate was observed
at 15 °C rather than at 25 {Qiao et al., 2016similar tothe current studyA combined
study on the effects of temperature and salinity?otricornutumshows that along with
temperature and salinity variations the growth rate and biomass yield also(@ayemad

& Aidar, 1993.
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Temperature individuallyidn6t have any influence on
P. tricornutumCS-29/7 in this study and hence does not support previous studies where
the sterbcontent ofP. tricornutumandl. galbanawas found high when grown at 10 and
18 °C rather than at 23 and 26, “@spectivelyDurmaz et al., 20Q8/éron et al., 1996
In the present study was interestingo observe a combined effect of temperature (15 *
3 °C) and salinity (25 g.L NaCl), with phytosterol content and maximum biomass
productivity inP. tricornutumCS 29/7enhanced b{.5 times compared tultures grown
at 25 + 3 °C and 25 gt NaCl. It appears that this is the first reported instance of
combined effect of temperatueand salinity on the phytosterol content of microalgae.
Lowering cultivaton temperature has reported to reduce the fluidity in the cell membrane
(Juneja et al., 2032&nd variation in salinity is also known toliénce membrane fluidity
(Kirst, 1990. As sterols are structural lipids, it may be that additional sterojsadeiced
to ensure membrane fluidity at an appropriate leve!.itricornutumas temperature and
salinity were reduced at 1% and 25 g.L?, respectivelyHence, tis study helped in
understanding the simultaneous effect of temperature and salinity on the phytosterol
content ofP. tricornutumwhich is important to be considered during commercial scale

production of sterols.

6.5 Conclusion

Temperature as andividual factor did not cause any significant changes on the
phytosterol content of microalg&e tricornutumCS 29/7.A 1.5 times increase in the
phytosterol content and maximum phytosterol productivity was observed when the algae
were grown at 15 °Cni 25 g.L* salinity. Hencethe combination ofemperature and

salinity is a significant factoron the phytosterol content and productivity
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CHAPTER 7

Relative gene expression of two genes putatively involved in the sterol
biosynthetic pathway ofP. tricornutum CS-29/7

7.1 Introduction

P. tricornutumis a model diatom for which the whole genome sequence is
available(Bowler et al., 2008 Also, a sterol biosynthetic gavay has been proposed
(Fabris et al., 204 Moreover, the expression profile of 15 genes involved in the earlier
stages of the pathway, specifically the Mewvate and Methyl erythritol phosphate
pathways are know(Kira et al., 201§ These advanced pieces of knowledge andwell
establshed molecular techniques increase the potential for exploiting this microalga as a

suitable candidate for metabolic engineering of phytosterols.

The sterol content of microalgae changes under differglture conditions, as
discussed in Chapter-lintroduction However, there is limited information on how the
expression of genes involved in the sterol biosynthetic pathway of microalgae changes
under optimal and altered culture conditions. Underatgnithe dynamics between gene
expression and sterol m@nt of microalgae grown under diverse culture conditions are
essential for future metabolic engineering of these organisms for improved phytosterol
production, and as an alternative commercial soofgaytosterols. In the latter stages
of the putativesterol biosynthetic pathway &f. tricornutum ergosterol is converted to
campesterol by the enzyme delta-7st er o | r egterolc recuctase), anghb7
campesterol is transformed to brassicasterahbyenzyme C28esaturas@-abris et al.,

2014). All of these three sterols; ergosterol, campesterol and brassicasterol are of
commercial importance. However, ottlsassicasterol (9%) and campesterol ¢b) have

been detectedhimetabolome analyses (@¥S) using cultures dP. tricornutum(Fabris
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et al., 2014 The role expession of these two significant genes play in the production of
these sterols irP. tricornutum is not known. In this study, expression of the genes
encodi ng t hserolereductase arsl Ce@gaturase d®. tricornutumCS-29

at the loglate logand stationarphases of growth under different culture conditions were

assessed.

7.2 Methodolagy

A two-step quantitativeeverse transcription PCR of RNA extracted frén
tricornutum CS-29/7 at the log and late log phases of culture grown under different
nutrient and salinity conditions -stemls usEe
reductaseand C22desaturase is related to the total biomass of sterol content of the

microalgae.

7.2.1 Total RNA isolation and purification

7.2.1.1 Sample preparation

The algaeP. tricornutumCS-29/7 was maintained in modified F/2 medium as
described in Chapter 2General materials and methods. The cell count was estimated
every 3 day of the algalgrowth as in Chapter 2. The cell culture was diluted or
concentrated based on cell densities to obtain concentrations betweehaha 20« 10
cells suggested agptimal by Qiagen Pty Ltd (Australia) for RNA extraction as from
yeast. The cultures wetken centrifuged (Centurion Scientific, #130623, distributed by
Perth Scientific Pty Ltd, Australia) at 4000 rpm for 20 minutes, and the supernatant was
discarded. Theellet was then transferred to a 2 mL centrifuge tube, washed with 1 mL
of culture mediand centrifuged (Eppendorf, #AG 22331, Australia) at 10,000 rpm for 5
min. The supernatant was discarded, and the centrifuge tubes with pellets were snhap

frozen in liguid nitrogen and stored &0 °C until RNA was extracted.
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7.2.1.2 Total RNAisolation

Total RNA was isolated from the. tricornutumCS-29/7 pelleted culture and
purified using the RNeasy Mini Kit (Qiagen Pty Ltd, #74904, Australia) following the
supplig’'s protocol described for yeast after different homogenisation procedumes. Th
different homogenisation procedures were mainly employed to obtain enough high
quality RNA for assessment but were not directly compared. Homogenisation involved
the use of culires of different cell densities, beads of different sizes and Tissue Lyser
models at different frequencies (Table 6.2). The beads used for homogenisation were
soaked in nitric acid for 1 hour, followed by five washes with sterile distilled water and
drying in an oven at 90C overnight. The beads used were 0.1 mm and 0.5 mm
zircona/silica beads (Daintree scientific Pty Ltd, #11079101z, #11079105z, Australia)
and 0.1 mm glass beads (Daintree scientific Pty Ltd, #11079101, Australia). The pelleted
culturestored at80 °C were thawed immediately before RNA extraction. Subsequently,
600 eL of tissue |ysis buffer (Buffer RLT
vortexing. Buffer RLT inactivates RNases and ensures RNA stability at room
temperature. Edc s ampl e with buffer RLT was trans
beadsThe samples were then macerated using two types of tissue lysers (Tissue lyser |
and Tissue lyser Il Qiagen, Australia) as in Table2 for 510 times per sample. The
samples were cooled in liquid nitrogen (for 2 secs) after evarninlite cycle of
homogenisation. All the optimisation studies were performed in duplicates.

After homogenisation, the samples were taken out of the Tissue Lyser, and the
beads allowed to settle. Total RNA was obtained from the supernatant following the
protocol for the RNeasy Mi Kit. Full centrifuge speed was performed at 20,800 rpm for

the time specified in the supplier's pro
10,000 rpm was achieved at 15,000 rpm. The RNeasy spin column was placed in a new

1.5 mL centrifuge th e , and the RNA el utfreedwateriaten 25
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centrifuging at 15,000 rpm for 1 minute. The RNA elution was repeated, and the second
elution was collected in the same tube as before. The RNA was then treated with RQ1
RNase free DNase (Promegéyl6101, Australia) as described by the supplier. The
quantity and quality of the RNA were assessed with the NanBlrapne
Spectrophotometer (Thermo Fisher Scientific, 408519, Australia). The integrity of

the RNA was further assessed using agaros@§e) electrophoresis. The purified total

RNA was stored &80 °C until complimentary DNA synthesis.

7.2.2 Reverse transcription

Complimentary DNA (cDNA) was synthesised from the stored total RNA using the
Superscript IV Reverse Transcriptase (Invigng#18090010, Australia) according to the
supplierdés protocol . Reverse transcripti
Promega, Australia. For all treatments, 50 ng of the RNA was used for cDNA synthesis.
Control reversdranscription (RT) reaatins were prepared without template RNA. The
RT reaction mix was incubated at 52@ (this temperature was selected from a range
specified in the supplierdés protocol) fo
eL of ribonucl eas AustklialaRdircubatignat 3T o2 diB. 5 ,

The synthesised cDNAs were quaietif using Nanodrdy one spectrophotometer. The

cDNAs were then stored &80 °C until PCR/qPCR analyses.

7.2.3 Quantitative PCRs

7.2.3.1 Primer designing for g°PCRs

Expression ot wo genes encodi ng-reduttase aadv22y me s
desaturase pveusly referred to as PHATRDRAFT_30461 and PHATRDRAFT 51757,
respectively by Fabris et al. (2014) were studied. The gene sequences used to design

primers were obtaineftom the databases of the National Centre for Biotechnology
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Information (NCBI) with theaccession numbers NC_011691.1 and NC_011673.1. The
primers were designed using Primer 3.0 (https://www.ncbi.nlm.nih.gov/tools/primer
blast). For each gene, six pairfspsimers were designed, as shown in Table Also

listed in Tabler.1 is the primer @ir used to amplify the 18S rRNA geneRatricornutum

used as an internal standard for the gPCRs; these primers were based on those reported
by (Siaut et al., 200. The primers were synthesised by Integrated DNA Technologies
(IDT, Singapore).

Table 7.1. Genespecific primer pairs used for the analysis of gene expression of the
delta 7-reductase, sterol C22 desaturase, and 18S rRNA d?. tricornutum CS-29/7.

Gene name, ID| Primer Primer sequence Predicted
name amplicon
size
o 71F 5-ACGGTAGCACCATGACTATG3 | 135 bp
@ 71R 5-CATGCCACACTTCGCAAS3
o 72F 5-TCGTCTAAGTAACGACTCGT3 | 140 bp
Delta? @ 72R 5-AGAAATACCGAGACTGCATG-3
reductase, | p73F 5-GACTCGTGAAGAAGTGGTG3 140 bp
PHATRDRAFT | p73R 5-AGAAATACCGAGACTGCATG-3
_30461 o 7AF 5-CCTCTACGCCATGCAT@RAG-3 | 156 bp
(7198241) [ p74R 5-TAGGGACCCAAGAAGGCTTG3
o 75F 5-TGGAGTCTCGCCATTCAGAA3 | 132 bp
7R 5-CGAGTTAGTCGCGTCTTGTG3
o 76F 5-TCAAGCCAAGAATCGCATCG3 | 117 bp
@ 76R 5-TGAATGGCGAGACTCGAGAA3
C-221F | 5-CACTGGGAACTCAACATTCT-3 | 135 bp
C-22 1R | 5-ACTGTAGTAGTAGCGTGTGG3
C-222F | 5-TTGCGTCATCATCTCGAAG3 135 bp
C-22 2R | 5-GATAACATCATGCACGGTTG3
C-22 desaturase C-22 3F | 5-ACTCCTCAACGTGTTTATGG3 |135bp
PHATRDRAFT | C-22 3R | 5-TCTGAATAACAAAGCGGGT-3
_51757 C-22 4F | 5-CTATCACTGTCGCCAGAGGA3 | 116 bp
(7199840) | Cc-224R | 5-AACGGGAAGCCTACCTATCG3
C-225F |5-TGGGTCTGGCTATCACTGTG3 | 136 bp
C-225R | 5-TCCAGGCTATCAACGGGAAG3
C-22 6F | 5-GGAGGGAATTTGCACGGTAG3 | 105 bp
C-22 6R | 5-ATTCCAGGCTATCAACGGGAS3
18SrRNA | Q-18Sfw | 5-GATCCATTGGAGGGCAAGTG3 | 141 bp
Q-18Srv | 5-ACAGCAACGGCCAACTAAGG3
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7.2.3.2 Assessment of primer efficiency and integrity of cDNAs

The integrity of the synthesised cDNA and the efficiency of the primers were
assessed by amplifying the two target geneth wll the primer pairs in Tabl@&.1.
Amounts of cDNA ranging from 5 to 250 ng were used to optimise PCR conditions and
to determinea common temperature at which amplification efficiencies of any pair of the
primers were similar to those of thel&NA. The standard PCRs and quantitative or
reattime PCRs were conducted with the KAPA Taq PCR (KAPA Biosystems, #BK 1002,
Asia-Pacific) andvere assembled as 25 pL reaction volumes using the components in the
manufactur er 6 s pr-flubresceotiucleic add stairS(Vherm®@Fischere e n
Scientific, #534854, Australia) was the dye used for the gPCRs; the concentration used
was basedm Monis et al. (2005). A master mix containing the appropriate volumes of
all reaction components (except the primers anaptate DNA) was prepared to ensure
uniformity in the sample preparation and to make the processfiinent. The standard
PCRs wee performed in the Applied BiosysteMsVeriti™ 96-Well Thermal Cycler
from Thermo Fisher Scientific, (Australia) and g®Cin Rotorgene Q (Qiagen,
Australia) with the following temperature profile: initial denaturation at°@5for 3
minutes, 4Q@ycles of denaturation at 9& for 30 secs, primer annealing betweerfG2
and 56°C (depending on primers used) for 20 sectgereston at 72C for 15 secs and a
final extension at 72C for 15 secs. Melt curve analyses were performed to assess the
efficiency of all the primer pairs following the gPCR; the data were acquired after 40

cycles of PCR and the peaks from“@Dto 95°C were assessed.

Amplicons from the standard PCRs were analysed usaggrose gel
electrophoresis following Sambrook et al989) with some modifications. Agarose gels
(2 %) were prepared using 1x TAE buffer and Sybr Safe (Thermo Fisher Scientific,

#S33D2 Australia). The concentration of DNA binding dye Sybr Safe used was based
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on the supplier ds i nvetecompatedtoalO0bp DA laaldap | i ¢
(Promega, #G2101, Australia). The gel was run at 65V and the DNA visualised under UV
light in a transilluminator and photographed. The comparative @ ¢2Ct ) met ho
(Schmittgen & Livak, 200Bwas used to compare the expressmris t he t ar get
reductase and C2®esaturase using the expression of the 18S rRNA as an internal
control. Primer efficieaies were assessed using the R@ene 6000 series of version

1.7 software.

7.3 Results

7.3.1 RNA extraction angburification

Mechanical disruption of cells is a significant step in isolating and obtaining
reasonable amounts of good quality RNA. In this study, the use of different sizes of
zirconia/silica beads at a maximum of 30 Hz resulted in lower than expeetdsd gf
RNA from all samples used. Hence, glass beads were experimented, although they have
a lower density than zirconia/silica beads. At the same cell density, 1 mm glass beads
resulted in higher yield of RNA than when zirconia/silica beads were usedingenise
cell pellets at the same frequency of 30 Hz. However, the yields were still too low for

expression studies.

To improve yields, glass beads were used with Tissue lyser | at a frequency of 50 Hz at
different cell densities. This resulted in hgglRNA yields even at cell densities lower
than or similar to the density previously used for homogenisation at 30 Hz. There was
then corresponding increase in RNA yields with increasing cell densities as seen in
Procedures 5 and 6 in Tablfe2. From Procgure 4 and 5it appears the number of
homogenisation steps may not be as significant as other factors as the yield of RNA from

cells half as much as, and with fewer homogenisation steps in Procedure 4 produced
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relatively similar yields in Procedure 5. Agpected, inreasing the cell density resulted

in increased RNA yields, as shown for Procedures 4 and 6 (Table

Table 7.2. RNA yield obtained under diffeent homogenising procedures for pelleted

cultures of P. tricornutum CS-29/7.

Procedure Cell Beads Tissue Number of | Total RNA
density lyser homogenising| yield (nQ)
model steps
1 1.4x 10 0.1 mm Tissue 10 17
zirconia/silica lyser Il
2 1.4x10 0.5 mm (25-30 Hz) 10 162
zirconia/silica
3 1.4 x 10 1 mm glass 10 255
4 5.2x 10 1 mm glass Tissue 10 507.6
5 2x10 1 mm glass lyser I (50 5 477.5
6 4.6 x 10 1 mm glass Hz) 10 1137

7.3.2 Efficiency of primers and validation

StandardPCRs were optimised using cDNA concentrations between 10 ng and
100 ng. At theannealing temperature of 8€, a faint bandvas observed at 10 ng with
t heS5 m@ri mer p ai-redudtase(Figurld. Brigkter kandpwere observed
when concentrations above 20 ng were ugedy faint primerdimers were observed for
all con@ntrations of cDNA after amplification withé C225 primer pairs (Figuré.l).
Hence, 20 ng of cDNA was used for subsequent PERRsre 7.1. shows amplicons

observed on agarose gels from standard PCRs using different amounts of cDNA.
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Figure 7.1: Agarose gel imageofvarous concentrations of CDNA teste
5) and (C225). Wells 26 ¢ o0 n s i s-3 prirmef paigoaith different concentrations of cDNA such as

1. 10 ng, 2. 20 ng, 3. 50 ng, 4. 100 ng, 5. No template control, 6. Positive control, 7.0p0DNA

ladder. Wells 813 consist of C225 primer pair with different concentrations of cDNA such as 8. 10

ng, 9. 20 ng, 10. 50 ng, 11. 100 ng, 12. No template control, 13. Positive control.

All the primer pairs produced a single, expected amplicon atatmealing
temperature of 56C (Figure7.2), so this temperature wased to assess the efficiency

of the primers in the gPCRs.
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Figure 7.2: Agarose gel image of all primers tested at 58C. Well 1. C221 primer pair, 2. Negative
control for C22-1 primer pair, 3. C222 primer pair, 4. Negative control for C222 primer pair, 5.

C22-3 primer pair, 6. Negative control for C223 primer pair, 7. 100b p DNA | a d4doemer, 8 .
pair, 9. Negat-4 ver icrmett r ghdpiimerpairl Mo Negpirve cont-bol
pri mer pa@Gprimerphi 13. Ngyyati ve coibt mpoli meor gdgpimer,pairl 4 .

(04]
f o

M7

15. Negativel cpmitmerd Raoipr . pmeé. p@7r, 17.-2pmegati ve

pair, -3lp8merpgi719.Negati ve c o3pgrimey pair, 2@ C224pFrimer pair, 21.
Negative control for C224 primer pair, 22. 100bp DNA ladder, 23. C225 primer pair, 24. Negative
control for C22-5 primer pair, 25. C22-6 primer pair, 26. Negative control for C226 primer pair, 27.
18S rRNA primer pair, 28. Negative control for 18S RNA primer pair.

The expected amplicons with strong band intensities without pudimezrs were
observed-6f or i mee &uctase)agdeghe primeppair for 18S rRNA.
Hence,the e pr i mer pairs wer e sel-edidtasedgene.or
However, the expected amplicon for the primer pairs-£22d C223, without primer
dimers were obtained only with a higher concentration of cDNA (50 ng) and°&.52
Fortunately,the primer pair for the 18S rRNA was also efficient at°’62 Thus, the
primers pairs C22 and C223 were used at 58 C  w h e r6@rimer wags7used at 56
AC for me | t curve analysis and to conf
PCR To be ale to conduct gene expression analyses of both genes ancet¢tlydi

compare the results, t he-6wdséldoassessedays2 o f
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The melt curve analyses showed a robust prtnerme r  f o r rBgrmergairato f @
52 °C, indicating quantitative analyses of the gene could not be ddhis a&emperature.
Consequently, a series of dilutions of cDNA from 0.01 ng to 20 ng (0.01, 0.1, 5, 10 and

20 ng) were used to study the effects of low concentrations of DNA on the efficiency o

the primers in gPCRs at the annealing temperatures W 5hd 52°C respectively for

t h e-6 apd the C22, C223 primer pairs along with 18S rRNA.

At very low DNA concentrations (< 5 ng), there was pridigner formation for
t h e-6, ©Z22 and C223 primer pairs. Increasing the range of DNA amounts for the
dilution series from 5100 ng (5, 10, 25, 50 and 100) for the €2primer pair at the
annealing temperature of 5Z yielded better results. Similarly, adjusting the DNA
amounts from £50 ng (5, 10, 25, 50, 100, 200 and 250 ng) for-Z3#timer pair
eliminated pimer-dimer formation as demonstrated in Figure 3 with a template DNA of
200 ng. Al s-6 primeriparmwastebted wighthe25 ng range of template
concentrations, no primalimer formation was observed; demonstrated in Figure 4 when
PCRswere dme with 150 ng of cDNA. In similar reactions for G22 a n-@ setp&f
primers as discussed above, thes BBNA primers amplified the expected products
without any primer dimer. Following optimisation of the primers, 200 ng and 150 ng of
cDNAs wereused inreactions with the C22  a n-@ priopef pairs respectively at 52
°C and 56°C for relative gene expressionfntricornutumCS-29/7 cultures grown under

different conditions.
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Figure 7.3: Melt curve image of C222 primer pair with a template concentration of 200 ng at

annealing temperature 52°C. X-axisi temperature (°C), Y-axisi dF/dT.

325 - - Template (150 ng) withgp 76 primer
300 ! - No templatecontrol

275
250

225

0.00

65 70 5 80 85 90 9%
uc

Figure74:Me |l t ¢ ur v e-6primer gag with & tenoplate concentration of 150 ng at annealing
temperature 56°C. X-axisi temperature (°C), Y-axisi dF/dT.

7.3.3 Relative gene expression analyses
The r espons es -reductase dne Caesaturmse unghef different

nutrient levels and salinity conditions were examined separately in this study. Different

nutrient levels, as describedChapte#, included the comparison between F/2, F and 2F
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at log phase and late log phase. Likewise, the cultures grown at 25 and38aflL
salinity, as described in Chapter 4, were compared at the log and stationary phases of

growth.

7. 3 . 3-reductagerand C2-desaturase gene expression at three nutriesudls
Expression of the genes at the F/2 culture condition was considered as the control

and compared to those in the F and 2F conditions. The highest expression of both genes
was observed at tHate log phase for all the culture conditions as shownard#ita Ct

values in Figurg 5 . F o r-reductase gepé&, the highest expression was observed in
the F culture condition at the late log phase of growth, while at the log phase, the
expressiorwas highest in the control condition. However, for the -@&aturase gene,

the control condition had the highest expressions at both the log and late log phases of
growth. Notably, expression of both genes was lowest in the 2F culture conditions at both
the log and late log stages of growth.

&/-reductase gene
15.0 16.0

0 FR o
—a- F -a-F

——
——F 155

C22- desaturase gene

145

14.0

15,0
~
145+ % JRtN

14.04

135

Dct values
Dct values

13.0

12,5

12,0

115 T T 135 T T
Log Late log Log Late log

Growth phases Growth phases

Figure 75 : Rel ati ve ex prreducaseogene antl (B G28esaturase)genepii F/2, F
and 2F cultures at the log and late log phases of growth.
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7.3.3.2 Fold change -redndase ane C2tlegaturase snder n
different nutrient levels

The fold change was also calculated and depicted in Fitjbirdét was observed
that in F condition the gene deltagductase was dowegulated at the log phase while
it was upregulated at thetéalog phase of growth compared to F/2 condition. Whereas,
in the 2F condition, the gene deltaetluctase was dowreguated at both log and late
log phases growth. Similarly, the gene @fsaturase was observed to be down

regulated in F and 2F culturertditions at the log and late log phases of growth.

. B.
A q¥ 1 reductase gene C22- desaturasegene
20 20
-@= F -4= F
—te— OF —d— 2F
154 154
3 -t 3
S . g (30
4 E— N TN
0.5 }\; 0.5 E___i
0.0 . . 00 .
Log Late log Log Late log
Growth phases Growth phases

Figure 7.6: Fold change in gene expression of (Adg #reductase gene and (B.) C28esaturase gene

under different nutrient levels at the log and late log phases of growth.
7.3.33 p #reductase ad C22desaturae gene expression at two salinities

Expression of the two genes in the algal cultures grown at the salinities 25 and
35 g.L'* NaCl, as described in Chaptgrwere compared at the log and stationary phases
of growth. Expression of both gemwas higher in the 25 gtINaCl culture at bothtages

of growth with similar fold changes for both genes (Figurg.
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A. gv-reductase gene B. C22- desaturase gene
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® 259 L' NaCl ° -1
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Figure 7.7 : Rel ati ve e xprredsctaseamd Cp2aesatumse genasin 25@End 35 gilL
NaCl algal cultures & the log and stationary phases.

7.3.3.4 Fold change in gene expression of deltadductase and C28esaturase at 25
g.L" NaCl condition

According to the fold change cal-cul at
reductase and the gene C@saturasevas upregulated as seen in Figdi@ during log

and stationary phases of growth in 25-yNMaCl condition compared to 35 gtINaCl

condition.
AD 71 reductasegene B. C22- desaturasegene
® 25¢ 1Nac 0 250 U'Nac
6 6
[}
4 4
E =
9 2
) 3
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[ R )
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Log Stationary Log Stationary
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Figure78: Fol d change i n t heedgcmseand Bx(GR2 desaturase gronmin ( A)

25 gL ! NaCl salinity condition during log and stationary phases of growth.
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7. 3. 4 EXxpr eedustase and ©2Besanirase genes and phytosterol content

As discussed in Chaptdri The effects of different nitrogen and phosphorus
concentrations on thengtosterol content d®. tricornutumCS-29/7, phytosterol content
(mg.g* AFDW) remained invariable during the log and late log phases of growth in all
the three nutrient conditiorsfudied with brassicasterol being the only sterol detected.
Under these acod i t i on s, h o we v e r-reductagepande G2 satnirase o f  t
genes varied during the two phases of growth. The nutrients removed were virtually the
same in all the nutriemonditions. Therefore, it can be concluded that the nutrient levels
and thephases of growth d®. tricornutumCS-29/7 may have influenced the expression
of b orédhctage@and C22esaturase genes but not the phytosterol content. It cannot
be ruled outhat the expression of the genes under these growth conditions is reat relat
to phytosterol content. In other words, production of no particular phytosterol can be
attributed to the expression of either of the genes in the nutrient conditions under which

the experiments were carried out.

The results in Chaptér The effect ofsalinity on the phytosterol content Bf
tricornutum CS-29/7 show there was higher total phytosterol content in the cultures
grown under 25 g.t NaCl than the culture with 35 glisalinity at the stationary phase
of algae growth. There was no signifitadifference in the total phytosterol content
assessed at the log and stationary phases of each of the cultures at the different salt
concentrabnsHowever , expr e sreductase andfC2ibsattirdse gefee 7
were higher at the stationary phadgethe 25 g.t* NaCl condition indicating higher salt
content may have impacted the expression of the genes, but this difference may not have
affected the phytosterol content. Also, the presence of ergosterol detected in addition to
brassicasterol at tretationary phases of both 25 and 35'gNaCl conditions cannot be

attributed directly traucese pnd EAbesatuoase gepes.t t e r |
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7.3.5 An overall comparison of culture conditions in both nutrient and salinity
conditions

Basicculture conditions such as culture methe, irradiance of light, temperature
and salinity used for growth d®?. tricornutum CS-29/7 during nuient and salinity
treatments were compared and represented in Tabhl& comparison of total phytosterol
content between nutrient and salinity treatments indicate that salinity conditions had
higher phytosterol content than the nutriend ndi t i ons . An-reduptase gul a
and C22desaturase genes was observed when the salinity was reduced rather than

increase in nutrients.
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Table 7.3 Comparison of culture conditions in nutrient and salinity treatmens studied(mean + SD. Temp- temperature, L. log- late log,
" -downr e g u l-aptegulation, S-stationary phase.

Conditions Culture media Light (umol Temp Salinity Phytosterol content
photons n?.s?) (°C) (9.L"*NacCl) (mg.g* AFDW) Geneexpression
Growth phases o freductase C22- desaturase
Nutrient conditions Log L. log Log L. log Log L. log
F/2 Modified F/2 150 08+0.2| 0.8x0.1 Control Control
F Modified F 150 1+£01 | 09+£0.1 ~ Z ~
25+3 35
2F Modified 2F 150 1+0.3 0.8+ ~ ~ ~
0.08
Salinity conditions Log S Log S Log S
25 g.L* NaCl Modified 2F 300 25 19+0.1| 1.9+0.6 z Z Z
35 g.L'* NaCl Modified 2F 300 25+3 35 22+02| 104+ Control Control
0.2
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7.4 Discussion

Nutrient availability influences the growth and development afroalgae.
Nitrogen and phosphorus, the fundamental nutrients, are reported to affect the sterol
content of microalgaBreteler et al., 20Q0%Kilham et al., 199Y. However, only imited
information is available on the effect of nutrients on the sterol content of microalgal
species, and the results available until now appear to be contradictory. Therefore, it is
important to understand how changes in nitrogen and phosphorus leaet iompsterol
content in microalgae and how the expression of some genes may influence the process.
The results may be of commercial significance as any favourable changes may improve

large-scale production of phytosterols from microalgae.

The nutrientst d i e s i n d i-redactasecandtCR2asaturape’ genes were
actively transcribed at all the concentrations of nitrogen and phosphorus used. Expression
of the C22desaturase geneaw downregulated when the nutrient concentrations were
increased whereasxpression of the deltaréductase gene varied during the log and late
log phases of thB. tricornutumCS2 9/ 7 gr owt h. | n-redubtasedemeg p h
was downregulated when the nutrient concentrations were increased. This result is similar
to the reported expression of the gene in the microalgm@nochloropsis oceanica
referred to in that studgs DWF5g9012, under a nitrogen depletion condit{bn et al.,

2014. In cantrast, at the late log phase of low (F/2) and high (2F) nutrient concentrations,
the gene delta-feductase was downregulated, whereas at F nutrient condition the gene
was upregulated. The reason behind the varied expression of the gamesnbthe
nutrient conditions involved in the sterol biosynthetic pathway in this study is unclear.
Still, factors that generally influence the gene expression such as randomness of

transcription and translation, molecules within the cell, signalling ratdecfrom
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surrounding cells and the environment may play a role in the varied gene expression

(Swan et al., 2002

For a gene, the biochemical reactions controlling transcription and translation
would occur differently in similar cells regardless of constant environn{Etdwitz et
al., 2002 Swain et al., 2002 Also, concentration, ciivity level and state of certain
molecules within the cell such as RNA polymerases, proteins, ribosomes and mRNA
degradng machinery modulate gene expresgBlowitz et al., 2002Swain et al., 2002
Hence, stochasticity in gerexpression contributes extensively to the overall variation

within a system.

Salinity is a significant environmental factor influencing the growth and
productivity of microalgae. Thus vations in salinity are reported to affect the
biochemical composin of microalgae, including the sterol cont@artley et al., 2013
Chen et al., 2008 However, only limitedinformation is available on the effect of
variations in salinity on the sterol content of microalgae. Hence, it is important to
understand the influence eflinity variations on the sterol content as it may help in
determining the appropriate salinityngee for improved sterol production. The genes for
t h e-redp@tase and C2@esaturase were expressed actively at 25 and 35NgCI
salinities. Both genes were upregulated when the salinity was decreased td RAQIL
Further increase in expressiorasvobserved during the stationary phase of growth
compared to the log phase of growth for the two genes studied. Corresponttingly
sterol content was higher in 25 ¢.INaCl condition during the stationary phase of
growth. Metabolome analyses @unalidla species show that the sterol content was
highest at a lower salinity (21 g).than at 71 g.1* (Bacchetti et al., 20t Francavilla et

al., 2010 supporting the trend in the current study. Also, it is assumed that cells
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accumulate sterols at low salinity as a result of adaptation and thus helping the cell

membranes to maintain the rigidity and permeiybil

The two genes studied were highly exgegbat the late logarithmic or stationary
phase of growth independent of the total phytosterol produced. This result is supported
by the findings of Lu et al. (2014) were out of the 10 genes studied 8 of tleeen w
transcriptionally upregulated at the teog phase i1 ncl uding the
reductase (DWF§9012) ofN. oceanicaLu et al., 2014 Most of the studiesn the
metabolome analyses reveal that sterol content is highest at the stationary phase of growth
of various microalgae including. tricornutum(Ballantineet d., 1979 da Costa et al.,

2017 Dunstan et al., 1993Mansour et al., 2003In contrast, tis current study showed

that the phytosterol content remains consistent during various culture conditions at
different phases of growth as seen in nutrient and the salinity conditions. Previous study
claim that the alteredterol content at different phasef growth may be related to cell
volume and size occurring due to membrane expansion and red(ddi@@osta et al.,
2017). The reason for consistent phytosterol content during various culture conditions at

different growth phases is unclear in this study

An overall comparison of basic culture comatils between nutrient and salinity
treatments indicated that compared to nutrient conditions, the total phytosterol content in
salinity conditions are higher. It was assumed due to the influence of light irradiance of
300 pumol photons A as it was the only different condition providedthe salinity
treatments. Previous studies on a green dlgamaliella viridisby (Gordillo et al., 1998
and a diatonT halassiosira pseudonary (Brown et al., 1996also reported an increase
in phytosterol content when the light intensities were increased. IPP a precursor of sterol
biosynthesis is syhesised either via classical MVA/MEP only oot pathways

collectively as mentioned in Chapterlbtroduction. The MEP pathway is hypothetically
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related to photosynthesis fpisch et al., 1998as it is associated with the chloragt.

(Piepho et al., 20)00bserved an increase in phytosterol conteniaofreen alga
(Scenedesmus quadricaydand a diatom Gyclotella meneghinianp at higher light
intensities and suggested that higlight intensities promote sterol synthesis via the MEP
pathway. P. tricornutumis known to have both MVA and MEP pathwayw PP
synthesifCv e i | & Radhmeeat., 2012He0cH, in the current study also, it

is assumed that high light intensity may have stimulated®?Repfroductia via the MEP
pathway, thus observing an overall increase in the total sterol content in salinity
treatments. Besides, the presence of ergosterol identified only at the stationary phase of
25 and 35 g.I! NaCl is also supposed to be the influence of immadé of light. This

finding is also supported by a studyMnoceanicawhere irradiances of light influences

the sterol composition of microalgdeu et al., 2013 Although the role of specific
phytosterols in the cells are unknown vyet, it is suggested that variations in the sterol
composition can be related to changes in the environmental condltiors al., 2014

Piepho et al., 2000 Comparedd an increase in nutrient levels, a decrease in salinity

l evel resul ted i nreductaseany ChPesaturasaanes. Howevert h @
an increase in total phytosterol content was not observed compared to its control

treatment.

To my knowledge,tHi s research is the first one
reductase fromP. tricornutum CS-29/7 under different nutrient concentrations and
salinity conditions. The genes studied were observed to be upregulated and
downregulated under different culturenclitions. At the same time, their activity may
not be related to total sterol content under the conditions studied and hence assumes the
possibilities which are discussed further. The proposed sterol biosynthetic pattvay in

tricornutum shares similaries between fungal and plant sterol biosynthetic pathways
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(Fabris et al., 2004 In accordance with the proposed biosynthetic pathway.of
tricornutum ergosterolis converted to campeste | breductas@ and further to
brassicasterol by C2@esaturas€Fabris et al., 2004 In land plants, brassicasterol is
synthesisedia cycloartenol, episterol and campesterotagnpesterol Wwile in fungi,
ergosterol is produced via lanosterol and episi@etmond & Gribaldo, 20Q9In land

p | a n treductasp isThvolved in the conversiorbafehydroepisterol to 2fethylene
cholesterol, which is #h campesterol precursor and the enzyme-@ZaAturase is
involved in the conversion of campesterol to brassicasterol whereas, in fungi, C22
desaturase is involved in the conversion of 5,7,24¢&R)statrienol (Edehydroepisterol)

to 5,7,22,24(28¢rgostattraenol, an antepenultimate step in the ergosterol biosynthesis
pathway(Desmond & Gribaldo, 2009 Besi des, f weadgrciasebnalekces t e |
prodwces ergosterol a delta 5,7 ste(Bilvestro et al., 2013 A study carried out by
(Silvestro et al., 20)3showed that h e g e n e -refluctase (alsoe&knowgm/as gene
DWARFS5 in land plants) obtained from. thalianacould be actively transcribed in
Saccharomyces cerevisidiingi) resulting in the accumulatioof brassicasterol and
campesterol which are generally alisenfungi along with the ergosterol synthesis.
Hence, highlighting the possibilities of two pathways in a species with the same precursor
episterol. The presence of ergosterol under specificreuttonditions (25 and 35 giL

NaCl at the stationary phase) in this study and the presence of episterol as the common
precursor for both campesterol (land plants) and ergosterol (fungi) supports a
modification of the current putative sterol biosynthetathpvay of P. tricornutumas
depicted in Figurer.9. In the suggested alternate pathwayHotricornutum episterol

is assumed to branch into two separate paths via campesterol and ergosterol for

brassicasterol synthesis.
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In land plants, the cytochromel®0s belonging to the CYP718nily has been
identified and characterised with GB2saturase activiffMorikawa et al., 2006 A study
on CYP710A1 and CYP71@Agenes which exhibited CZfesaturase activity i\.
thaliana show that CYP710A2 is responsible for brassicasterol synthesis from
campesterol/ept a mpest er ol and -s#tasterg.nPd thé same kime,f r o n
CYP710A1 p oduces onl y s isiiogienobMarikawaodt al.f 20@6m b
Similarly, i n the pr opreducase and G2Rgatmrast are p at
assumed to act on different substsatvhich may or may not be active, resulting in gene
expression not related to the overall sterol produced. Further elabiidis are needed
to provide more information on the sterol biosynthetic geneP.aofricornutum to
understand the radamiting steps in the sterol biosynthesis pathway; thus, providing
metabolic engineering opportunities for enhanced phytosterol produlitioray also

help in better understandings of the phytosterol biosynthetic pathway of microalgae.

A . B.
Episterol Episterol

T-Asterol AS-dehydrogenase
CS desaturation

Ergosta-5,7,24(28)-
ergostatrienol

5- dehydroepisterol _ Ergosta-
ergos t:l-S.T,I-‘l(IS}- C 12-desa|nm.‘.g 5.7, 22* 24[23 )-
C22-desaturase .
| ergosiatrienol ergostatetraenol
Ergosta-5,7,22,24(28)- AT-veductase Delta 24
ergostatetraenol | reduction
24-methylene cholesterol
Ergosterol
Delia 24- &
Ergosterol | rednction
Campesterol AT-reductase

AT-reductase

T2 desaturase

Campesterol

——— Brassicasterol +——
C22 desaturase

Brassicasterol

Figure 7.9. A. The final phase of brassicasterol biosynthesis iR. tricornutum based on putative
phytosterol biosynthetic pathway proposed by Fabris et a{2014). B. The final phase of the modified

brassicasterol pathway inP. tricornutum based on this study.
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7.5 Conclusion

The gene expression analysis of two genes involved in the sterol biosynthetic
pathway ofP. tricornutumCS-29/7 was studied using RJPCR, and it is understood that
genes o fredbctasetand @28saturase are transcribed. However, it appears the
expresion of the genes do not fully control the overall sterol produced under the
conditions studied as the levels of sterol produced could not be correlated with the activity
of the genes. Many other factors, including expression of other genes andepfastild
limiting the translation of the two enzymes, may play a part in the level of sterol content
produced under different salt and nutrient conditions. Also, it is possible an alternate
pathway other than a current one proposed for the microalgaedstuay exist this is
based on the sterols identified from analy$esoris et al., 2004 Also, knowledge on the
gene expr essi-eductaper and CAsdaurasd groep/ under different
nutrient concentrations and different salinities provide a foundation for identifying the
possible target genes for metabolic engineering towardsasitry the probabilities of

commercialisation of phytosterols from the midgaeP. tricornutumCS-29/7.
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Chapter 8

Conclusion and Future directions

8.1 General Conclusion

The cholesterelowering properties gbhytosterols have raised an interest in the,
pharmaceuticalnutraceuticaland functional food industrieS’he curent commercial
sources of phytosterols are vegetable oil and tall oil obtained from higher plants.
Obtaining phytosterols from the higher plaistaot sustainable due to the extensive need
for agricultural land and fresh waterquiredto growthose crop. Hence, there is a need
for an alternate sourad phytosterols. Microalgae are reported to predphytosterols
that havethe same efficacy as those isolated from higher plamithere is also the
possibilityto enhance sterol content by manipulatindgfure conditionsThiscreate an
opportunity for microalgae to be considered as a potential cocrahesource of
phytosterolsThe faster growth rat@endincreased biomass productiviof microalgae
compared tdigher plantseasycultivability on landunsuitable for agriculture arodilture
in water inappropriate for human consumptstrouldensurea competitive advantage of
microalgae over other sourcétowever, a laclof information on how phytosterols are
affected byculture conditiongs the main limitationsto commercialising phytosterols
from microalgaeHence,in this study | looked at the effect of various culture conditions
suchaslight, nutrient concentrations, salinity and temperaturéhe phytosterol content
of a potential microalga&hethesis thenihksthe culture level parameters to biochemical
and genetic changes within the dellachieve a bettemderstanding dfiow toenhance
phytosterol production and for future metabolic engineering of microatyeard that

goal
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In thisstudyPhaeodactyluntricornutumCS-29/7 was selected. This species was
chosen based on the presence of sterols of commercial impogaocessfugrowth in
outdoor conditiog, availability of information onthe proposed sterol biosynthetic
pathway-sterol biosynthetic genesand the existence ofmolecular biology tools for

genetic/metabolic or reverse genetics.

The results on biochemical analysis showed that the phytosterol contént in
tricornutum CS29/7 varied according to the culture conditiomsplemente.
Brassicasterol was the major steadthough the presence of ergosterol was also detected
at the stationary phaseauring salinity studies.The optimal culture conditianfor
enhanced phytosterol production frd tricornutumwere determined to b25 gL
NaCl salinity in modified 2F culture media using white light at 300 pmolphotofs’m
and 15 °C. These conditions resulted in 1.5 times higher phytosterol content and
maximum phytosterol productivity than the cells growdem25g.Lt at25 °Cor 35 g.L°
Lat 15 °Cin modified 2F culture media using white light at 300 umolphotorisi A
simultaneous effect of salinity and temperatwees shown to influence the phytosterol
content and maximum phytosterol productivitiore than anyof the other couwlitions
studiedindividually. Phytosterol content wasdsoinfluenced by different wavelengths of
light andvarying salinity Individual study on the effect of light resultedwmite light
producing 3 times more phytosterol than red lighthereas annidividual study on
variation of salinitiesreducedthe phytosterol content and maximum phytosterol
productivityby 527 62 % wlen grown at the stationary phasebfg.L! salinity than 25
g.L* salinity. However, differentrradiance of light (60, 160 an®60 pmolphotons.m
2.s1), different nitate and phospéte concentration§F/2, F and 2F)nd variations in
temperaturg15 and 25 °Cjndividually didn 6htave any significant influence on the

phytosterol content d?. tricornutum The biochemical studiesd®. tricornutumgrown
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under different culture conditions indicate that wavelength of liglalinity and

temperature are significant factors to be considered for phytosterol production

Although, the sterol profile dP. tricornutumunder certain culter conditions
were known prior to this study no information on thexpression profile of thgenes
involved in the sterol biosynthetic pathwagre availableln this study, the relative gene
expression of delta 7 reductase and C22 desaturasewhich ae hypothesisedo be
involved in the conversion of ergosterol to campesterol fooch campestrol to
brassicasterpkespectively werestudied at the differemutrientconcentrations and at
varying salinity conditions. Both the genes were actively trévesdand to the best of
my knowledge this is the first study on deltai 7eductase gene ergssion inP.

tricornutum

The deltar - reductase geneagsdown regulated when the nutrient concentration
increasedluringthelog phase of growth wherealuringthelate log phase of growth the
delta 7- reductase gene was upregulatederF nutrientconditiors and down regulated
in the 2F conditionConversely the C22 desaturase gene was down regulated with
increasing nutrient concentrations at both log atellbg phase of growth. Under varying
salinty conditions both delta#eductase and C22 desaturase genes were upregagated
salinity level decrease@he expression profile of deltéd#eductase and C2@esaturase
genes studied under different nutrieohcentrations and varying saliesishowel that
the genes do not fully control the overall sterol prodasetthe activity of the genes could
not be correlated with the sterols produdd@ny other factors, including expression of
other genes and poskalfactors limiting the translation of twaxeymes which may take
part in the level of sterol content produced under different culture conditions studied.

Also, proposes the possibilities of an alterr@thway for brassicasterol synthesiker
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than thecurrent oneFurther studies arthereforewarranted on understanding the sterol

biosynthetic pathway d®. tricornutum

8.2 Future directions

This study clearly showed that the phytosterol productivityPlmeodactylum
tricornutumCS-29/7 can be enhandeunder optinised culture conditionand hence can
be considered amaalternatecommercial source of phytosterols. Considetingt the
current studwascarried out under laboratory condit®mandthelimited information on
the sterol biosynthetic pattay, further research workseeds to be dore thefollowing

areado increase the potential of commerghltosteroproductionfrom P. tricornutum

1. Validating the sterol biosynthetic pathwayRaftricornutumand more studies on
the gene expression pilohg undewariousculture conditiongor understanding
the mechanisms of phytosterol productioml for future metabolic engineeritay
improvephytosterol production.

2. More studies involving various induction methods such as UV light, simultaneous
effect of light and nutrientsetc. should be conducted in order to identify other
useful tools for enhancing phytosterol accumulation.

3. Developingeconomically sustainablaethods for hrvestingof microalgaeand
extractionof phytosterols.

4. A detailed technemnomic analysis on phytosterol production frobh

tricornutum
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