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Abstract

Hormonal Algae:

A Source 6 Functional Fatty Acids

Kira Ramphal

Based on an endogenous hormone studygeet cytokinin type phytohormones;
benzyladenine (BA), trargeatin (tZ) and methylthiol trarmeatin (MeSZ), as well as abscisic
acid (ABA) were exogenously added at three concentratio’s {10 and 10° M) to cultures of
Chlorella vulgarisin an attemptd altergrowth rate, total lipid and fatty acid yields and fatty
acid profile. Growth stimulation was highest at®1@ for BA, MeSZ and ABA and 10M for
tZ. All treatments caused changes in total lipid and fatty acid content, with BA causing an
increasdo lipid content. The most significant change in the fatty acid profile was observed with
the addition of MeSZ at 10and 1¢° M causing increases of 204% and 457% in linolenic acid
respectively above the control. These resultsiaxel and potentiallfhighly impactful as MeSZ
has never been added exogenously to algae and may be used to stimulate overproduction of

linolenic acid for pharmaceutical or industrial purposes.

Keywords: Chlorella vulgaris benzyladeninefranszeatin, methylthioltranszeatin, abscisic

acid, fatty acid, linolenic acid
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1. Literature Review

1.1 Algae ClassificationEvolution and Compounds

Algae are defined as eukaryotic, usually autotrophic/photosyntlmtanisms, not
including higherplants (Bhattacharya and Miin, 1998 Lee, 2008 . The term Amic
refers solely to unicellular algae (Tarakhovsk&yaal, 2007).According to Bhattacharya and
Medlin (1998), the main lineageof algae break down intdinoflagellates, Glaucophyta,
Heterokonta, Haptophyta, Euglenophyta, Cryptaah Chlorarachniophyta, Rhodophyta and
Chlorophyta The lineage Chlorophyta encompasses all green atfaghich we shall be

focusing on the clagsShlorophyceaéBhattacharya and M#in, 1998).

Chlorophytaemerged in the Precambrian period in the Prataooera, approximately
3000 million years ago(Lee, 2008) Green algae sharteatures such as the inclusion of
chlorophyll a and b as well as some pigments like xanthophylls and carotenes. The most
common polysaccharide found is stgrcammonly inside th chloroplast, anthe cell walls are
composed of a cellulose fibre matmhile the cell membrane is composed of a lipid bilayer

(Leliaertet al, 2012)

Algae have been used in many ways and for many different purposes by humans
throughout historyTodaycomponents from algaaecommonly integrated into human foods as
a supplement or a coloraftonget al, 2011) andareused widely as a feedstock in aquaculture
(Spolaoreet al., 2006). However, we have learned that algae are not only healthydrethmut
are also ideal organisms for the productidnhgh value compound$or pharmaceutical or
industrial use¢Gonget al, 201). This is because their metabolisms can be easily manipulated

by changes in abiotic factors to overproduce a waage & substance§Gonget al., 201)).



There are a few species of algae which are currently being used to produce pharmaceutical
products on an industrial scale for the fatty agiB#\'s) eicosapentaenoic aci(EPA) and
docosahexaenoic aci(DHA), various proteins (Gongt al |, 2011) , carotenoi (
carotene, lutein, xanthins, polyphenols, tocopherols, vitamins and minerals (Priyadarshani and
Rath, 2012). Other useful compounds include certain toxins, sterols, amino acidsicesttial,

anti-fungal and antviral agents (Priyadarshani and Rath, 2012).

It hasalsobeen found that most microalgae have the ability to produce large quantities of
lipids, especiallytriacylglycerols T A G)o snder suboptimal growth conditions, particularly
nitrogen deprivation (Fuentégsrunewaldet al,, 2012; Gardneet al, 2011).Under abiotic stress
growth slows and the algal cell switchtesa metabolismthat enhancesarbonstoragein lipid
bodies instead of synthesising proteins and carbohydrates €iXial, 2010). This TAG
accumulation makes algae attractive as a source of biofuel in addition to other advantages over
other plant based biofuel sources such as: their ability to be grown on marginal lands, use o
untreated water, rapid growth rate, dhd ability for yearound harvest (Gouveia and Oliveira,
2009). Moreover, algae are extremely efficient fixers of carbon dioxide, making them good
candidates for the removal of flue gases released from industrial operations (Lopes @& Silva

al., 2009).

Although thephenomenon of lipid accumulation occurs under stressful conditions, it is
important b note thatduring favorable growth conditions with high nutrient availahilitgid
accumulation is lowWG o g teaal, 2009. In a study to determine the optimal growth media for
the microalga€hlorella vulgaris it was deternrmed that when grown in nutrienth media the

extractible lipid yield only reached a maximum of 1.69% of the algae dry weightq t eaal,i |



2009. Another study using the same species under nitrogen deprived conditions produced a lipid

yield of ~53% (Widjajeet al., 2009).

Algae grown under favourable conditions follow a sigmoidal growth pattern characterised
by three major phases: the lag, expoiarand stationary phases. Each phase has characteristic
effects on the nutrient level left in the media, cell reproduction rate and the production of

different cellular compounds including carbohydrates, proteins and lipids. These phases and

culture changs are depicted iRigure 1

Lag Phase: Exponential/ Log Phase: Stationary Phase:
1 Culture with low 1 Culture with increasing density e —
density 1 Very rapid growth _
1 Very slow growth || { Decreasing nutrient availabil T Culture with
1 High nutrient with time stabilized density
availability 1 Increasedsynthesis of T Very slow growth

9 Low nutrient

proteins and carbohyd;-étes e
availability

9 Increased cell meta_péfism,

low energy storage Tl Increasing energy
storage (lipids)
L --F----FFF‘-

M Decreasing nutrientoncentration
1 Increasing storage compounds

Population Size

Time

v

Figure 1 Sigmoidal growth of typical closed system algae culture showing growth phases and
media changes associated with phases

1.2 Abiotic Manipulation of Algae:

Different combinations of growth conditions can trigger significant changes in the

production of compounds such as pigments, carbohydrates, proteins and lipids within algae cells.



For example, with increasing photoperiod (light: dark; 16:8 hr) in combmatiith a light
intensity of 100 pumol i s* the highest growth rate fo€hlorella vulgaris along with a
decrease in chlorophydilc ont ent , was observed, eaotecwamd t ant
protein content (Seyfabadit al, 2011). With decresang photoperiod and light intensity the
opposite wasbserved for chlorophyH, -cérotene and protein contd®eyfabadeet al, 2011).

An increase in chlorophylh, total carbohydrates and protein contget cell can also be
obtained by growing cultes ofC. vulgarisin nitrogen deprived media and withl@’ M input

of cadmium (Chia et al, 2015. These conditions produced the highest lipid content, and,
notably, the greatest increase in TAG's with a corresponding decrease in polar lipids.
Interestingly, these conditions also produced the lowest cell density but the highest dry weight
when compaed to sufficient nitrogen and decreased cadmium concentrationsgiCitia2015).

In terms of lipid content, high nitrogen conditions produced a significantly reduced lipid content

as well as a very low TAG accumulation of only 3% of the total lipidpl&tesoret al, 2010

Figure 2.
20 - Total: 19.4 wt%
o // |
(1]
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E 159 Total: 13.7 wt% / Other
8 TAG
5 . HFFA
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2 5
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mr
i N s
0 =

A B

Figure 2 Lipid composition ofChlorella vulgarisafter A) 20 days in nitrogen sufficient media
and B) 12 days in nitrogen deficient media (Stepheesai, 2010)



1.3Phytohormones:

Algae, like any other livinggrganism, rely on hormosedo regulate biochemical processes
within the cell (Tarakhovskayet al, 2007). A hormone is generally defined as a compound of
low molecular weight(~225 MW), which is excreted by organelles in the cell in low
concentrationgusually <lnm)over time. The effects of hormones are far reaching within the
organism and can dictate anything from metabolic reactions to gene transcription. Hormones
found within plants are specifically termeghytohormones (Tarakhovskayat al, 2007)
although the same compounds are now known to be frequently found in many other organisms

(Spichal 2012)

Microalgae have been known to naturally produce, and react to, the exogenous application
of a mixture of cytokiningCK's) (Piotrowska and Czerpakp@9; Nobleet al, 2014) as well as
abscisic acidABA) (Nobleet al, 2014) and were the two hormone groapsliedin thisthesis
Therefore most of the following discuss will be focused on CK'sand ABA synthesis and
degradation and their effects on microalgae. A brief summary of the effects of some other known

phytohormones on both higher plantsl@hgae can be viewed in Table 1

1.3.1Cytokinins - Most CK'sare synthesised from adenine (Davied)40by the replacement

of theN®-side chains (Spichal, 2012), in developing seeds and roots and are transported through
the xylem vessels (Davies, 2004). Itkisown that the enzyme isopentenyltransferase (IPT) is
responsibldor the initiation of CKsynthesis, while cytokinin oxidaskehydrogenase (CKX) is
responsil@ for CK degradation (Spichal, 2012n between there are many interconversions
among free bas@B), riboside(R), nucleotice (NT), glucosides (GLUC) and other forrifsee

Figure 5. These hormones are involved in many plant processes including celiodjvtee



delay of leaf senescence, cell enlargement and therefore leaf broadening, chloroplast formation,
opening of the stomata, plant morphogenesis (differentiation of parts), grovatectl buds

(Davies, 2004) and response to abiotic and biotic stressors (Spichal, 2012).

1.3.1.1Cytokinins in Algaei Although now considered plant hormonese dheory of how CI§'

were obtained by plants of all typestiwough horizontal gendransfer (HGT)from bacteria

during the endosymbiotic event which gave risecldoroplasts from cyanobacter{&pichal,

2012). The genes involved in the synthesis of the CK enzisopentenyltransferase (IPT) and

CKX have been identified in several speciof cyanobacterig | ong wi th correspo
(Spichal, 2012) Some studies have also found g-enes w
component systemo (TCS) signal transducti on
eukaryotes (Pils and Heyl,0@9). It was also found that algae contain Type B Response
Regul at or ( RR) genes, which create essenti al

which are mostly shared by all plants (Pils and Heyl, 2009).

Though these RR genes were found in algae, it is interdstingte that na@onventional
CK receptors were founth some studies of algg&rébortet al, 2011; Pils and Heyl, 2009)
thoughCK's are known to be synthesised in browhdeophyts red Rhodophyta and green
(Chlorophytg algae Tarakhovskayat al, 2007%. However,Blanc et al (2010) found orthologs
of Arabidopsis genes coding for phytohormoneeceptors for CK's, ABA, auxins,
brassinosteroids, jasmonic acid and polyamines in the genb@klorella variabilis NC64 A
which is a very close relative of the green unicellular algatrella vulgaris(Blanc et al,,
2010). It is thereforglikely that lower eukaryotes such as algaeiddact, posses€K receptors

though they may be of a more primitive form which woludction with a TCS



Cytokinins arecommonto almost all organisms, and can be split into two groups: adenine
type and phenylurea typ€K's (Spichal, 2012). Adenine typeK's either have saturated or
unsaturated side chains with two or more units of hydrocarbons. These types of Gdéniaee
called isoprenoid adenir@K's (Figure 3 and include the hormoné€-isopentenyladenine (iP),
dihydrozeatin (DZ)transzeatin (tZ)and cis-zeatin (cZ). The second type of aden®i€'s are
the aromatic adenin€K's, named because of the substitution of the side chains for aromatic
rings (Figure 3. The® hormones includi®- benzyladenine (BA)netatopolin (mT) andortho-
topolin (oT).The phenylurea typ€K's are synthesised from phenylurea and include nitrogen in
their rings. These include compounsgsch asN-(2-chloro-4-pyridyl)-NGphenylurea (CPPU)
(C12H10CIN3O) and thidiazuron (TDZJCoHgN4OS) (Spichal, 2012).

Isoprenoid CKs Aromatic CKs
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Another group of adenine typ€K's, termed heterocycli€K's, have recently been
acceptedwvhich include theCK kinetin (Piotrowska and Czerpak, 2009hese hormones have
long been considerad be synthetichowever kinetin was isolated from both fresh human and
plant tissue confirmingts natural occurrence in both plants and anin{@®mtrowska and

Czerpak, 2009).
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Figure 5 Cytokinin biosynthesis, interconversion and degradation scheme in plants showing
action of "Lonely Guy" conversion enzymigmadaNobusada &Sakakibara, 2009)

1.3.1.2Cytokinin Synthesis IsoprenoidCK's are synthesised by one of two main pathways, the
methylerythritol phosphate pathwdMEP) or the mevalonate pathwaMVA) (Sakakibara,
2006 Figure 9. These two pathways are responsible for the formation of the isoprenoid side
chainCK's (ie. iP and tZ) and the cis isomer form (cZ) regpelst (see Figure b In the MEP
pathway adenosine phospha&tepentyltransferases (IPT) uses either ATP, ADP MPAo form
iPRTP, iPRDP and iPRMP respectively. These molecules floenbases of the CH. To form

the isoprenoidCK tZ, these three molecules can be hydroxylated, but only iPRMP can be further

altered by the loss of a double bond to produce DZRMRpser for theCK DZ). Collectively
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these tr, di-, and monophosphate molecules are termed nucledsidisx NT) and are thought

to be the least active formar storage formsof the isoprenoidCK's. From there they can then be
converted to riboside fms (suffix R) by the cleavage of the phosphate group to create iPR, tZR
and DZR which are thought to be slightly more biologically active titie corresponding NT
forms. These ribosides can then be converted tobaee formgno suffix) which are the rost
biologically active forms by the loss of the ribose attachment to create iP, tZ and DZ
(Sakakibara, 2006). A shorter conversion has also been discovered whereby the Miactive
form can be directly converted to its fully acti¥® form by the action o& conversion enzyme
encoded by t he fgene which ig de@aied in Figute(®aBnpdaNobusada &

Sakakibara, 2009)

The MVA begins with the degradation of tRNA by tRNA IPT to producepcenyHRNA
which is then converted @ZNT (the structual isomer otZNT). It is then converted to iR and

FB forms by the same mechanisms as in the MEP pathway (Sakakibara, 2006).

Two other prevalentCK forms with slightly more éusive functions areglucosides
(GLUC's) and methylthiol{MeSCK's) Glucosides aréree basdorms conjugated with glucose
and are thought to be inactive storage forms of the diffeg¥is, whereasMeSCK's are
conjugated with a sulphur and methyl group whose function, until recenilgs largely

unknown (see Figure 8) (Sakakibara, 2006).

A study by Morrisoret al,, (2015) orUstilago maydisorn cob infected tissue saw low but
accumulating amounts of methylthiol transatinFB (MeSZ) andR forms (MeSZR)in the later
stages of infection with both the dikaryon and solopathogen forostiago maydisalthough

none was found in uninfected cob tissue. It was suggested thatMke&LeK forms may be an



11

accumulation based on the decreased ability for CKX dagoadby the plant, and may have
originated fromU. maydisallowing for continued proliferation of cells and tumour formation.

The CK GLUC storage forms remained relatively abundant with time in the control tissue,
however in both infected tissue typ€d.UC's decreased significantly. This indicated that
perhaps the fungus was liberating these forms for its own use, as infected tissue also showed

increasing levels d¥B, R andNT forms (Morrisonet al.,, 2015).

Methylthiol type CK's were found to be abundantly produced by the bacteria
Snorhizobiummeliloti, S.fredii, S.medicaeandMesorhizobiuntoti (Kisialaet al, 2013) as well
as in the pathogeRhodococcus fascien®ertry et al, 2009) and the photosynthetic protist

Euglena gracik (Nobleet al, 2014)
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Figure 6 Diagram showing attachment sites of side chains for different CK types (Sakakibara,
2006)

Cytokinins have been shown to be sensitive to nitrogen levels, and their responses vary
with changes in nitrogen sourd&akakibara, 20Q6Arabidopsis thaliana adenosine phosphates
isopentenyltransferase genespecifically AtIPT3 and AtIPT5, responded differently in their
rates of CK synthesis depending on the nitrogen source available; AtIPT3 responds well to NO

under nitrogen limitation, while AtIPT5 responds to both;Ngd NH,". This indicates that the
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synthesis ofCK's is nitrogen sensitive, and therefore the growth and differentiation of cells
which occurs with highCK concentrations would not occur in migfen depleted conditions

(Sakakibara, 2006

1.3.1.3Cytokinin Effects on Algae- Piotrowska and Czerpak (2009) conducted an exogenous
hormone addition experiment @hlorella vulgaristo examine the effects on growth rate and
photoperiod as well as chlorophyll and carotenoid content. It was found that the highest growth
rate was achieved with M of diphenylurea (DPU), followed by tZ at oM, kinetin at 10/

M and finally BA at 10' M, though all additions at TOM had a cytotoxic effect on the cultures.

All four CK's at these optimal concentrations also caused significant increases in chlorophyll (up
to 226%) and carotenoids (up to 89%). It was found that DPU and tZ had pefftiets on the

cell division cycle during dark periods as their addition kept the light dependant enzyme-NADH

hydroxypyruvate reductase active (Piotrowska and Czerpak, 2009).

90 5 - 1"day == 1" day %0
N'-Benzyladenine - 3 day Kinetin - « 3" day

80~ e 6" day . —~ g'day 80
-»- 9" day Pl i -=- 9" day

70+ g . 170

60 160

50 o ; . 150
e s \
_ 40 /’ i * b 40
; }""/f . i i i ¥ . 3
= o0 "_+__17*‘{-'.7-‘i"'l-H, P e Tt e ., 120
2 e
g %0 trans-Zeatin —=- 1" day N,N'-Diphenylurea : —=- 1 day {90
< 80 + 3" day i + 3 day |80
3 - —— 6" day . i~ 6" day
2 / i -+ 9" day o o, -e- 9day
70 A g ‘ .70
/ I P . %
" ., T,
60 /. NN ¥ X 160
f/f T / ¥ .
50 : t 3 50
51 E. kS i ] i
a0t A - i » ; 1 140
E 3. . i ! [
so0f ,. ¥ e N . ; 130
_i.—/"i"‘u;_,_ TE - W 5
20f w—+" it T g 20

0 10" 10° 10° 10" 10° 10° 10° 10° 0O 10™ 10° 10° 107 10° 10° 10° 10°
Cytokinin concentration (M)

Figure 7 C. vulgariscell counts in response @K additions highlighting optimal concentrations
(Piotrowska and Czerpak, 2009)
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Contrary to the previous studyods results,
Euglena gracilisvas found to be slightly more at"i®4, with 10° M having less of an eftt on
growth rate (Noblest al, 2014). However, 1M was found to be the optimal concentration for
all other hormones added exogenously (ABA, iP, BAP, IAA and)@#th concentrations of 10
> M of tZ, ABA, IAA and iP being cytotoxic to the culture as shown by the dramatic decrease in

cell concentration (Noblet al, 2014).
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Figure 8 Growth response d. gracilisto single hormone addition at multiple concentrations
(Noble et al., 214)

Twenty six different combinations of these five hormones at multiple concentrations
were also tested and it was found that the combination of tZ dtMOwith ABA at 10° M
produced the greatest increase in cell number by 140% above the ¢biofo et al, 2014).
This discovery partially informed the decision to use tZ and ABA as exogenous additions to

Chlorella vulgarisin the present studythe combination with the least effect on the growth rate
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was all five hormones at their optimuooncentration as determined by the single homno
additions shown in Figure. 8oth single hormone treatments and multiple hormone treatments
had significant effects on cell diameter as well, notably the cultures treated with optimal
concentrations wereriger while inhibitory concentrations caused reduced cell size. The cultures
treated with combinations of hormones produced the largest cell diameter of any other treatment

(Nobleet al, 2014).

An endogenous hormone profile was also established whiaalexl/ thatE. gracilis
produced large amounts oZR (39.43 pmol/g) and smaller amounts MeéSP (2.37 pmol/g)
which was retained in the pellet along withadler concentrations of jJRZNT, cZNT and iRNT
and the aromatic benzylaminopuriGBAP). Larger amounts oMeSP (3.52 pmol/ml) were
secreted into the supernatant along withlsaraounts of tZ and iPcZR, tZNT, cZNT, DZNT
and iINT, MeSZ, MeZR, MeSP andMeSPA andBAP. Taken together these results indicate
that the tRNA degradation pathyécis/MVA pathway) is the predominant CK pathway used by

E. gracilis(Nobleet al, 2014).

Although much has been studied in terms of the effed®K¢&f on both algae growth rate
and the production of different pigments and carbohydrates, surpridittigl\nas been studied
on their effects on the fatty ac{@A) prdfile of the cells. As FA are essential lipid molecules
involved in many cellular functions ar€K's have been shown to alter the production of similar
lipid molecules, for example caroi@ds (Piotrowska and Czerpak, 2009), it follows that they

may have an effect drRA's as well. This link will be discussed further in a later section.
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1.3.2 Abscisic Acid - Unlike the othe phytohormonesABA is not a group, but is a single
compound(Davies, 2004). It is synthesised from glyceraldeh$gosphate in mature leaves

and roots and is transported in the xylem and phloem in higher plants. ABA is made usually in
response to water shortage, and with its build up causes closing of the stohiglteer plantsit

also triggers the synthesis of storage proteins, inhibits shoot growth, antagonises gibberellin in
germinating grains and affects dormancy (Davies, 2004). It was originally thought that algae did
not contain ABA, but instead a hormoaoalled lunularic acid, which carried out the same roles

as ABA in higher plantgriggering the stress respor(@arakhovskayat al, 2007). This theory
however has been debunked by recent and growing evidence to the contrary, as ABA has been
recognizedn several green microalgal species as well as some brown algae. It is now accepted

that algae do in fact contain ABA (Tarakhovskayal, 2007;Nobleet al., 2014).

1.3.2.1Abscisic Acid SynthesisThe specific pathway which leads to ABA synthesis starts with
the formation of glyceraldehye®phosphate from -Z-methytD-erythritol4-phosphate
(Nambara and Mariefoll, 2005 Figure 9. This pathway is abbreviated by MEP, and is the
pathway used by gen algae and eubacteria, whereas another pathway is used in tandem with
MEP in higher plants. The enzyme which has been shown to trigger ABA synthesis is zeaxanthin

epoxidase (ZEP) in the plastid.

The second part of the synthesis, starting with xanth@daours in the cytosol, though the
transport mechanism to the cytosol remains unknown. During this phase of synthesis, xanthoxin
is converted to abscisic aldehyde by an alcohol dehydrogenase (ABA2) which in turns forms
abscisic acid through oxidisation lkpscisic aldehyde oxidase (AAO3) (Nambara and Marion

Poll, 2005).
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Figure 9 Diagram showing the biosynthesis pathway of ABA (Nambara and MBodn2005)
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ABA catabolism is caused by two pathways: hydroxylation and conjugation (Nambara and
Marion-Poll, 2005). During hydroxylation, one of the methyl groups (usually at t& C
position) is oxidised by cytochrome P450 monooxygenase which breaks ABA down into phaseic
acid (PA) which is further catabolised to dihydrophaseic acid (DPA) by a reductagme
During conjugation, the second pathway, the carboxyl and hydroxyl groups of ABA conjugate

with glucose to form ABA glucosyl ester (ABS&E) (Nambara and MarieRoll, 2005).

The effects of abiotic stressors, especially increased salinity and sktredérogen, on
ABA concentration has been fairly well documented (Coefaal, 1997; Tarakhovskayet al,
2007; Yoshidaet al, 2003). This is why, recently, ABA has become known as a stress
phytohormone, because of its involvement in the stress resgdiarakhovskayat al, 2007).
With an increase in salinity in some microalgal species, endogenous ABA concentrations have
increased (Tarakhovskayat al, 2007). This was exemplified when algal species from
DunaliellaandChlorella were subjected to dadtress and an increase in ABA concentration was
observed (Cowaset al, 1997; Hartung, 2010). Increases in ABA concentration have also been
noted during nitrogen deficiency Dunaliella, as well as alkaline shock, heat stress, light stress,

drought, oxidative stress and acid stress in several other algal species (Hartung, 2010).

Kobayashiet al. (1997) conducted a study on the effect of ABA on morphogenesis and
carotenoid production itHaematococcus pluvialisand found thatABA caused the cells to
mature faster and caused an increase in carotenoid production (Kobayashi 1997).
Therefore it can be seen that the addition of exogenous ABA can also create significant effects

on algaldevelopment, as well as internal production of endogenous ABA.
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Nobleet al (2014) found that the addition of ABA atl® to Euglena gracilisncreased
growth rate the most above the control when compared to other hormones from the auxin,
gibberellinandCK families, especially when added in combination with tZ, as previowsisd
It was also found that the addition of ABA at this optimal concentration produced an average cell

diameter increase of 0.79 um above the corfiMobleet al, 2014).

As is the casavith CK's, very little has been published on the link betwieals and ABA,
though ABA is known to produce multiple effects on microalgae when added exogenously, as
discussed. This specific hormone is known to be especially active when maereaégsubjected
to suboptimal growth conditions such as osmotic stress and nutrient deficiency (Hartung, 2010),
which are also known to produce changes in membrane lipid composition (Kobayashi
2006) and therefore likely have an effect on E#e composition of the cell. This link will be

discussed further in a later section.

1.3.3 Other Phytohormones

It is known that hormones other th&K's and ABA are likely to play a role inlipid
content, TAG accumulation and changes fatty acid profiles.Therefore, | have summarized
potential linkages with in Table. For pragmatic reasons | had to focus on two hormone groups,

but perhaps future work may involtiee study of more hormone groups.
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Table t Table showing effects of other phytohormones (@mtered in this thesis) on both
higher plants and algae

Phytohormone

Jasmonic
Acid

Salicylic
Acid

Ethylene

Polyamines

Signal
Peptides

Effects In Higher Plants

important in defense

from parasites and insec

promotes senescence
inhibits growth(Davies,
2004)

pathogen resistance
inhibits ethylene
synthesis

inhibits effects of ABA
(Davies, 2004)

fruit and leaf abscission
release from dormancy
(Davies, 2004)

involved in normal
morphology
regulates cell division
(Davies, 2004)

defence from parasitic
attack or herbivory
increase jasmonic acid
cell division, and
reproductionDavies,
2004)

(0]

Effects in Algae

stimulates cell divisiomnd increases
pigment production

increases monosaccharides and protei
secretion irChlorella vulgaris(Czerpak
et al, 2006)

increased growth, protein content, RN/
sugars, chlorophylls, carotenoids and
increased overall photosynthetic rate ir
Chlorella vulgaris(Czerpaket al, 2002)

Unknown- effect isdifficult to examine

as ethylene is in gaseous form

exogenous addition caused decreased
synthesis of ornithine decarboxylase
which causes increase in polyamine
production incells inChlamydomonas
reinhartii (Theisset al, 2004)

Not Found



Auxins

Gibberellins

Brassine

steroids

delay of senescence anc
ripening

promotionof flowering
(Davies, 2004).

seed development and
growth

cell division, elongation
and differentiation
apical dominance and
tropism in response to
light and gravity (Teale
et al, 2006)

control seedyermination,
flower and seed
development

promote stem elongatior

and leaf expansion
(Yamaguchi, 2008)
improve salt tolerance
with nitrogenin Brassica
juncea (Siddiquiet al,
2008).

essential for

photomorphogenesis an:

cell elongation
seed germination,

flowering, senescence,

0
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induce cell division and elongation,
suppression of branching in some red
algae(Kiselevaet al,, 2012)

stimulae production of carotenoids in
Chlorella pyrenoidos#&Czerpak and
Bajguz, 1997)

increase biomass, chlorophyll and
protein content@zerpaketal., 1999.
increaseproduction ofproteins,
pigments, phosphates, some
carbohydrates, and glycolic acid
(Piotrowskaet al., 2008).

increased lipid content by ~12% in
Chlorella sorokinianawith tZ (Huntet
al., 2010).

increased biomass and chloroptayll
productionin Chlorella sorokiniana
increased mtein content by ~50%, lipid
content by~8% (with auxin)(Hunt et

al., 2010).

break dormancy and increase
germination ofChara vulgarisoospores
(Sederias and Colman, 2007)

0 increased growth rate
0 increased protein and nucleic acids

synthesis irChlorella vulgaris



21

vascular differentiation, (Tarakhovskayat al., 2007)
stomata formation, plant
morphology and male
fertility (Wang et al.,
2012)

0 heat stress tolerance by
rapeseedlgrassica
napug and tomates
seedlings (Dhaubhadet
al., 1999)

0 salt stress tolerance in
wheat(Ali et al, 2006)

o fungicide for potato crop:
(Khripachet al, 2000)

1.4 Lipids:

Lipids in algae serve multiple purposes, including being the foundation for cell structures
such as the cell membrane, as well as acting as a source of @reegyesGrinewaldet al,
2012. The major lipid classes generally found in algae are the phospholipids, galactolipids and
sulfolipids (Goss and Wilhelm, 2010). Some phospholipids commonly encountered in algal cells
are phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidse(PS) and
phosphatidylethanolamine (PE) (Goss and Wilhelm, 2010). Common galactolipids include
digalactosyldiacylglycerol (DGDG) and monogalastddiacylglycerol (MGDG) while the most

common sulpholipid is sulfoquinovosyldiacylglycerol (SQDG) (Flairal., 2012).
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In terms of percentages, the galactolipid MGDG accounts for approximately 50% of the
lipids in the cell, followed by DGDG at ~30%, and SQDG and PG at2% (Flaimet al,
2012). In green algae, another lipid class has been identified dsdkaghe lipids, mainly
diacylglyceryltrimethylhnomoserine (DGTS), which sometimgdaees PC in green marine algae

(Goss and Wilhelm, 2010).

All algal lipids have specific roles within the cell and perform specific functions based on
their physical and @mical properties. The thylakoid membrane of the chloroplast is generally
composed of SQDG and the phospholipid PG, which both carry a negative chargee(FRajm
2012). The galactolipids DGDG and MGDG have no charge and fill the spaces between
membraneoroteins as well as provide added stability for the membrane, because of their linear
acyl chains and therefore tight packing abilities (Flatnal, 2012).Chemical structures of some

of the main structural lipids foanin algae are depicted in Figure. 1

i 1
0
R—C—0—CH, Ry—C—0—CH, CHyOH . g —
Ry—C—0—CH CHOH Ry C" 0—CH CHy—0 g | OH ! ‘
N R—C—0—CH
o] CH;—0 o Lu-a 0 CH—0 ¢ ‘\OH Vol i CH;S0Na
0;_!1 v o N/ 0 CH—0p &;‘.OH
T [, \ / b y
N\ /
OH oH
Ot
MGDG DGDG sSQDG
o o
| 0
Ry C 0O CHy R—C—0—CH,
| Ry—C—0—CH,
Ry —C—0—CH 0 Ry—C—0—CH 0 H
| | @ Rz—C—0—CH 0 CHy
0 CHz—0—P—0—CH;—CH—CH, 0 CHy— 0—P—0—CH;—CHz—N—H o
| | o CHy—0—P—0—CHy—CHz—N—CHj
o OH OH 0o H
0o CHy
PG PE PC
i
R—C—0—CH,
Ry ri o CH CHy
0 CHy O CH;— CHy—CH-2N—CH,

DGTS °
Figure 10 Chemical structures of major algal ligifoss and Wilhelm, 2010)



23

1.4.1 Lipid Manipulation in Algal Systems - When subjected to suboptimal or stressful
conditions such as very high light intensity or nitrogen starvaéilgaetend toaccumulate lipids

as astore ofenergy(Chenet al, 2011). Thesdipid stores can accumulabetween 185% of the

cells dry weight{Chenet al, 2011). The storage lipids are usually composed mainly of neutral
lipids, including TAG's, which contain largenaunts of carborfeg. ~55 carbons per molecule)
(FuentesGrunewaldet al, 2012. This high carbon content is what makes these algal oils
especially good candidates for use as bioftreletesGrinewaldet al, 2019. However this

poses a problem, as high growth rates only occur when environmental conditions are favourable,
and TAG accumulation only reaches a substantial amount when conditions are pocet(&hen
2011). These remarkable increases in lipid accumomatalso occur in conjunction with

significantly lowered biomass during nitrogen starvation (Gouse#, 2009).

Studies specificallyconductedon the algaeDunaliella tertiolecta(Chen et al, 2011),
Coelastrella saipanensis$cenedesmus obliqgug@ardneret al, 2011),Alexandrium minutum
Heterosigma akashiw(FuentesGrinewaldet al, 2012) and\Neochloris oleoabundan®eal et
al., 2010; Gouveiaet al, 2009; Liet al, 2008) have all concluded that suboptimal growth
conditions positively affect lipid accumulation in algal cells. Most of these studies have
emphasised nitrogen limitation/starvation as being the main cause of lipid accumulation,
i ncl udi ng etTd Q@S; CHemtala 2011; FuentesGriinewaldet al, 2012; Gardner
et al, 2011; Gouveiaet al, 2009; Liet al, 2008).1t is also important to note that TAG
accumulation increases significantly during the stationary growth phase when compared to the

exponential growth phag&uentesGrinewaldet al, 2012.
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1.5Fatty Acids:

Fatty acids araliphaticlipid compounds which are produced by eukaryotes mainly in the
plastid, however the endoplasmic reticulum also plays a role in synthesis anctlohgtion
(Satoet al, 2003). The end result of plastieA synthesis is the formation of phosphatidates,
which are converted into the major chloroplast lipids (Sattal, 2003). The first part of
synthesisoccurs in the plastid (termed the plastidiahthpway), where malomCoA is
synthesised from acetfloA via the action of acetfCoA carboxylase (ACCasephlrogge and
Jaworski, 199 The action of ACCase, and therefore the synthesis of mattwd] is thought
to be a light dependant process. Follogvihis, the malonyl moiety is transferred by fatty acid
synthase KAS) to an acyl carrier protein (ACP), where FAS causes acyl chain extension with
malonytACP. StearoylACP desaturase then insertsia double bond at the C9 position of
C18:0 ACP, thesaturated stearic acid. Fatty acid synthesis is terminated either by transfer of the
acyl chain from the ACP or by hydrolysis, catalyzed by -#6yP thioesterases. Some of these
synthesisedrA'sthen leave the plastid and enter the eukaryotic lipid patlnvtne endoplasmic

reticulum, where they are generally esterified into glyceroligitdrogge and Jaworski, 1997

Unsaturated=A's are distinguished by the presence of one or more double bonds between
the carbon atoméSimopoulos, 1991)This groupcan be split into two categories: mono and
polyunsaturatedrA's. Monounsaturate&A's are represented by oleic acid, which has a single
double bond between thd'@nd 18" carbon atom from the methyl end. Polyunsatur&tat
(PUFAGs) have boudd and pan ebe fdriar llivided into two more groups
depending on the |l ocation-lafnotlteei fci)r sRRA'ddd ax6b I(d
These twoFA's can be metabolised into 20 and 22 carbon chains, for example, linolenic acid

(LA)canbemet abol i sed i nt o ar a-lnblenid @A) can be canwerted AA)
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into eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). These lon§Akare
very important, as they cannot be synthesised without LA and ALA precursors bodye

(Simopoulos, 1991

It has been found that abiotic factors can cause significant effects dfAtpeofile of
some microalgal species, such as photoperiod and light intensity. Both increasing photoperiod
and increasing light intensity from 37.5 to 1ol photons n2 s1 increased the amount of
saturated FA's to 28.67% while simultaneously decreasing the amount of mono and
polyunsaturatedrA's in Chlorella vulgaris(Seyfabadiet al, 2011). It has also been found that
the addition of cadmium in combination with low nitrogen media increased satkatedd

monounsaturateBA content vhile decreasing PUFA(EChiaet al, 2013).

1.6 Abiotic Factors Affecting Lipid and Fatty Acid Compositions:

Several abiotic/ environmental factors have been shown to produce a variety of changes in
lipid composition as well aBA composition in almost all classes of algae. Changes t&Ahe
profiles and lipid composition are now accepted as beingnaecpience of maintaining cell
structure during adverse environmental conditions (Goss and Wilhelm, 2010). For example,
during sulphate starvation, the negatively charged structural membrane lipid SQDG is being
consumed and not being produc#terefore anincrease of PG is observed in the membrane to
balance the charges and provide structural support. A similar phenomenon occurs with
phosphorus limitation, whelbg, under these conditions, a decrease in phospholipids occurs with
an increase in betaine ligidand glycolipids. Furthermore, tRé profile of the algae generally

shifts towards rare unsaturation with nutriestarvation (Goss and Wilhelm, 2010).
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A study focusing on iron concentration and lipid accumulation showed that high
concentrations of irorncreased lipid content ihlorella vulgaristo up to 56% of its total
biomass (Liuvet al, 2008). Interestingly, in another study of lipid accumulatiorsbgnedesmus
sp. phosphate limitation caused an increase in lipids of 53% whereas nitrogen limitation only
caused 30% (Xiret al, 2010). Unfortunately n&A analysis was conducted on these lipids,

however this shows that results of nutrient limitation can vary widetyeen species.

A study byFuentesGriinewaldet al. (2012) was conducted to determine the effects of
aeration, temperature and nitrogen defi-ciency
Grunewaldet al.,2012). Treatment conditions of high temgteire and low nitrogenausingan
i ncrease i n b dAdhHoWeves ther tham @ slifht ieceease in arachidonic acid
in the treatment samples, no significant changes toFtherofile were observed (Fuentes

Grunewaldet al.,2012).

The comimed effect of nitrogen deprivation and high media pH on lipid accumulation was
investigated irCoelastrella saipanensend Scenedesmus obliquusd though it was found that
independently both conditions increased TAG accumulation significantly, in natian the
effects were amplified (Gardnet al, 2011). This wadikewise found to a certain extent by
Widjaja et al, (2009)who subjectecChlorella vulgaristo low CQ, concentrations and nitrogen
deprivation. It was realised that under insufficient,Cthe algae would use carbonate to meet
carbon dioxide requirements, therefore increasing the pH of the media. Conversely, under high
CO,, pH would decrease because excess Wauld dissolve and become,El0; in the media.

In this study, both C®and nitrog@n deprivation yielded an increase in TAG accumulation

(Widjaja et al, 2009). Interestingly, Carvalho and Malcata (2005) also found that excess CO
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concentrations caused an increase in total lipid corteatwe ver , a decr ease in

detected at high C{xoncentrations (Carvalho and Malcata, 2005).

Variation in light intensitywas shown to cause changes to algal lipids includk?y
profiles. Growth under low light tends to produce an increagmiar membrane lipids such as
DGDG and MGDG as well as an increase in PUFAS®G
accumulation of saturatdeA'si n t he f orm of TAGO s Cantap/sothis and Wi
trend, a differentstudy found thaexposure to high light intensities caused a large increase in
TAGO s, while | ow |ight caused an increase 1in
Yakovleva, 2005). However, no significant change in thA profile was observed
(Khotimchenko and Yakdegva, 2005). Another study was conducted to determine the effects of
different wavelengths on lipid accumulation, using red and blue LED lights at 1000 lwet(Shu
al., 2012). It was found that red LED light caused an increase in biomass, while bluegbED li

caused an increase in lipid production (&hal, 2012).

A decrease in temperature generally leads to fAransaturation, whereas an increase in
temperature causes a decrease in PUFAOs (Gos:
temperaturecan be quite variable (Goss and Wilhelm, 2010). In a study by Kaladteaia
(2002), above optimal temperatures increased TAG accumulatioBotnyococcus and
decreased the trienokA content (Kalachevat al, 2002). Higher temperatures were alsanfibu
to inhibit the synthesis of most other cellular lipids (Kalachetval., 2002). Almost the opposite
results were discovered in another study, where it was found that increased temperatures caused
an increase in trienoi€A's, and a decrease of unsatethFA's (Sushchiket al, 2003). An
earlier study showed an increase in betaine |

(Tatsuzawa and Takizawa, 1995).
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1.7 Effects of Plant Hormoneson Presence of Fatty Acids

Research into how phytohormones affédtprofiles of higher plants started very early on,
following the discovery of phytohormones amdequateways to isolate and detect them.
However, his interest seems to hagene dormant andnly recently resurfacedh the last
decade or solt emerged with more ad focus on algae and phytohormoniescause ofheir
wide range of FA synthesis capabilities and the ability to produce higher vyields of
pharmaceutically and industrially importaRA's per capita than higer plants. Although this

interest has remerged, published research on this topinainsrelatively scarce.

Most of what is known about interactions of CK and FA comes from the study of higher
plants. For example Kukt al, (1978) sought to deterr@nwvhether exogenously appli€K's
had an effect on both the lipid aRé profiles of Coleus blumeandimpatiens sultanieaves and
shoots. InC. blumeileaves it was found that in the phospholipid portion linolenic and linoleic
acid both decreased by 8.5 and 4% respectively, but increased in the glycolipid portion by 6.5
and 7.1% respectively with the addition of 100 pg/ml of tZ. A similar trend was \when
shoots were exposed to the same concentration of tZ; however, a decrease in palmitic acid by 9%
was also identified. The results were similar when the same experiment was conducted on the

shoots and leaves bfsultani(Kull et al,1978).

Wang and Bust (1988) investigated the effects of thidiazuron (a synthetic cytokinin)
application on thé-A and sterol content of golden delicious apple buds and found it caused an
increase in unsaturatdeéA's, namely linoleic and linolenic. It produced an overatitase in
free sterol content especially sitosterol and an increase in both campesterol and stigmasterol

(Wang and Faust, 1988).
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In more recent studies among phytohormones, lipgasl FA's, overall lipid yield is
commonly one of the first measured rasgpes. In a study conducted étibiscus sabdariffa
seeds, it was found that, the application of 100mg/L of both the gibberelja@ithe aromatic
CK benzyladenine (BA), caused an increase iryield by 22.3% above the control plant leaves
(Mostafaet d., 2005). With this concentration, marked increases in unsatufatecespecially
oleic and linoleic were detected as well as corresponding decreases in s&Amstedpecially

palmitic acid(Mostafaet al., 2005).

Jadhavet al, (2008) investigated the effect of ABA and some of its hydroxylated
metabolites (7' and 9ydroxy ABA) and a catabolite 8ydroxy ABA) on the total oil yield,
lipid profile, FA profile and gene induction iBrassica napuseeds. It was found thati®ydroxy
ABA increased total oil content by 18% over the control, while ABA itself increased TAG
content significantly. Both ABA and its metabolites doubled the amount of very long chain
unsaturatedrA's such as erucic (22:1) and eicosenoic (20:1) acid dydimg the expression of

olein and the fatty acid elongaseAEl) geneqJadhawet al, 2008).

More recently, combinations and single hormones were added exogenously to the green
algaeChlamydomonas reinhartin order to increase biomass and lipid yidRaiket al, 2013).
It was found that the addition of IAA, GAkinetin and dtriacontanol (TRIA) all had stimulatory
effects on biomass with a maximum increase of 68% by kinetin (1 ppm). Although ABA was the
only hormone which did not stimulate growtthéd the most significant effect on thA profile,

causing a 13% increase in FAME content at 5 ppm (Btaak, 2013 Figure 1).
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Figure 11 Differences inC. reinhartii cell density and FAME vyield in response to ABA
treatments (Parkt al, 2013)

1.8 Thesis Rationale

There aresome minor discrepancies in the hormopuatdfiles of most plytohormonesn
algae as th& numerous forms anpartially unknownpathwaysmake the undertaking complex
However, many more clarifications and breakthroughs have been made in recent research
projects which are helping to answer these questisle there has also been an increase in
published research involving exogenous hormone addition to microalgae istielping to
clarify their role in these organisms (Noleteal, 2014; Pitrowska&t al, 2008;Tarakhovskayat
al., 2007) existing studies have not taken much care towards matching endogenous hormone
profiles with exogenous application experimentsisTthesis will concentrate on twgroups of
hormones, CK and ABA, their endogenousprofiles in Chlorella vulgaris and how their

exogenouspplication affects FA presence.

The most significant gap in knowledge in published works to date on the topic of

phytohormones in algae is the lack of information MBSCK's This group was recently
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discovered and seems to be present in a diverse array of tissues, yet still has am unknow
function. The forms MeSZ, MeSZR, MeSiP and MeSiPA have been positively identified in the
motile algaeEuglena gracilisin significant amounts in the media (superngtahbwever no
speculation on thepossible function was discussed (Nobteal, 2014) Previously, studies on
Rhizobiumbacteria and the fungistilago maydisalso found thaMeSCK'swere produced and
released in large quantities (Kisiadaal, 2013; Morrisoret al, 2015). It should also be noted

that no works on exogenous applicatiasfsMeSCK's on higher plants or algae have been

attempted and published to the best knowledge of the author.

Given these challenges it is perhaps not surprisied so little has been published
regarding the exogenous addition of phytohormones to mgaeab investigate the effects on
the lipid andFA profiles. As it has been well documented that hormones play an integral role in
all aspects of microalgae metabolism and it is also known that algae have the capacity to produce
high value oils andFA's. Thusa critical scientific gap remains sinse few papers have been
published to ascertainifiis group ofphytohormones can be used as a tool to alter these oils and

FA's.

A second oversight in the research to date is the lack of investigation orathigigA
profiles of microalgae grown in resource rich conditions. As the focus recently has been the
optimization of maximum lipid an&A yield from algae and as this only tends to occur under
poor growth conditions, very little has been mentioned about the levels under ideal growth
conditions with the exception of a few papéiiswever, under favourable conditions algae may
provide a FA pofile that is more conducive to scaffolding higher value FA for the engineering of

compounds for commercial use.
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1.9 Objectives, Hypotheses and Predictions:

The goal of this thesis isvofold. Frst, | will determine the endogeno@X and ABA
content of tke unicellular, non motile, freshwater green algae sp&iwsrella vulgaris Second
| will examine the effects of their exogenous applications at three diffgplgsiologically
relevant concentrations on the growth rate, total lipid production &Ad profile of this

microalgae

The endogenous hormone conterdas determined at the beginning of the exponential
growth phase of the culture using a modified version of the extraction method described by
Farrowand Emery (202) with identification of up to 2% 0ormones by electrospragnization,
liquid chromatographyandem mass spectrometry (HR(ESI) MS/MS). Based on the
literature and the endogenous hormone profile acquired pfaminenthormoneswvere chosen
for the exogenous additions whigrereadded athe beginning of the exponential phase of the
culture in a single dose. The culturgsreharvested at the end of the exponential phase and the
total lipids extractedn hexaneusing a Soxlhet apparatus. Total lipidere transesterified to
fatty acid methyl ester6FAME's) and identified using gas chromatography flame ionization

detection.

It was hypothesizedthat the addition of different phytohormones at different
concentrationsvould produce changes in growth rate, lipid yield and E#e profile of the
microalgaeChlorella vulgaris Based on the available published literatureyaspredicted that
with increasing concentrations of ABA, thex@uld be a decrease in growth rate, arréase in
the total lipid yield, and an increase in the ratio of unsaturated to satfA®dAs ABA is

generally used as a stress signalling hormone, the cwasexpected to react as if conditions
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were unfavourable, and thereforeould begin accumuling lipid storesWi t h r es p,ect
increasing concentrations of ,tBA and MeSZwere expected to increasgrowth rate with a
decrease in overall lipigield. The FA ratio of unsaturation to saturatievasalso predicted to
increase. These three hanes are considered growth promoting hormones, including MeSZ by
the conclusions of Morrisoset al (2015) thereforethe culturewas expected to favour rapid

growth over lipid accumulation.
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2. Methods and Materials:

2.1 Culture Maintenance and Growth Conditions:

The freshwater algae speci€lorella vulgaris (UTEX #265) was obtained in 500ml
bulk culture from the UTEX Culture Collection of Algae. The culture was maintained in
autoclavedBold 3N medium g¢ee Table Pcontaining a trace metablution éee Table 8 and
was allowed to grow until an optical density (OD) of approximately 1.5 measured at 680 nm
was reachedGenesys 20 Visible Spectrophotometer, Thermo Scientificg culture was then
split and maintained as 500 ml cultures in dltoclaved glass bottles in a growth chamber
(Conviron, Model PGR1Bon an 18 hr photoperiod at Z2/20 C in the light/dark. Full spectrum
SunblasterCFL bulbs Sunblaster, ESP 26W, 6400K B2&nd fluorescent lightingPhillips
Alto, FT2T8, 65W, CPwith a total output of 200 pmol photons7s?, were used to simulate
partial sun conditions and cultures were constantly bubbled from the base of the culture with
filtered atmospheric aifMillipore, PTFF 0.22)using air pumpsMarina 200, 2x110 L/h Each
culture bottle was also coved with an air filter membrane (3M, Filtrete Microparticle and

Allergen Reducer)

Table 2 Recipe for Bold 3N Medium (Table adapted from UTEX Culture Collection of Algae)

NaNO; (Fisher BP366500) 30mLUL 10 g/400mL dH20 8.82 mM
CaCb-2H.,O (Sigma G3881)  10mL/L 1 g/400mL dH20  0.17 mM
MgSOs7H,0 (Sigma 230391) 10 mL/L 3 g/400mL dH20 0.3 mM

K,HPO, (Sigma P 3786) 10 mL/L 3 g/400mL dH20  0.43 mM
KH,PO, (SigmaP 0662) 10 mL/L 7 g/400mL dH20  1.29 mM
NaCl (Fisher S27500) 10 mL/L  1g/400mLdH20  0.43 mM
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P-IV Metal Solution 6 mL/L

Table 3 Recipe for AV metal solution (Table adapted from UTEXUlture Collection of Algae)

NaEDTA-2H,0 (Sigma ED255) 0.75g/L 2mM
FeCk-6H,0 (Sigma F1513) 0.097 g/L 0.36 mM
MnCl,-4H,0 (Baker 2540) 0.041 g/L 0.21 mM
ZnCl, (Sigma Z0152) 0.005 g/L 0.037 mM
CoCh-6H,0 (Sigma C3169) 0.002 g/L 0.0084 mM
NaMoO,4-2H,0 (J.T. Baker 3764) 0.004 g/L 0.017 mM

2.2 Growth Curve:

Three randomly selected 500ml healthy cultures were combined in an autoclaved 3L
conical flask and mixed thoroughly. The cultures were splitémew 500ml cultures containing
an equal ratio of algae culture to fresh autoclaved media (250 ml: 250hrde of these new
cultures were used to construct a growth curve usingsOmeasured daily ora desktop
spectrophotometefsee Figure 12A Eachculture had an appkimate starting ODof 0.900.
When an OD of 1.5 was reached, spectrophotometer samples were diluted by half so as to ensure
OD values were within the linear response of the detector, then the values obtained were

multiplied by two.

As the cultures required vigorous bubbling to prevent settling as well as a large
headspace, the rapid evaporation of water from the media contributed to the increasing
concentration of cells in the culturegtieby continuing to increase ODhis was not condered
as a source of stress as the nutrient level in the media was not affected however the incresing

concentration of cellsadeit difficult to ascertain the period of exponential growth. Therefore,


http://www.utex.org/mediaDetail.aspx?mediaID=127
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cell counts were also conductedch daygiving changan number of cell per week (see Figure

12B)and correlated with OD, in order to clarify the length of the exponential phase
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Figure 12 A) Chlorella vulgarisaveragegrowth curve (3 repsneasured bgpectrophotometer
at 680 nm B) Change in number of cells paeek ofChlorella vulgariscultures during growth
curve

Cell counts were conducted using a light microsq@pdAX, V434 Series Stereoscopic
Microscope NO. 00164at x100 magnificationith 1 ml of culture on a grid slide and the
average cell counts of ten grid squares was used to give a concentration value of number of cells
per milliliter. Figure 12B shows the change in the number of cells per week througkout th
duration of the growth curve (see Figure 12A). The largest increase in cell number occurred
between day 1 and day 7 of the growth curve indicating that the growth rate was highest during
this period. The second week showed a smaller increase in cellenumdicating that the
growth rate was slowing down, and though the third and fourth weeks still show an increase in

cell number, they are not very different, indicating the culture was in the stationary growth
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phase. Both Figures 12A and B indicated thalture growth slowed after week 1; therefore,
further experiments were conducted during the first week of culture to ensure they occurred

during the exponential growth phase.

2.3Endogenous Hormone Study:

Four randomly selected healthy algal culturesenselected and combined, then split into
8 new cultures, as was done for the growth curve. These cultures were allowed to grow for 4
days, then 15 ml of each culture was harvested by centrifugation at 5000rpm for Sonvia|(
ST 16 into 15 ml tubesThe supernatant was removed from the pellet, filtered and transferred to
a new 15 ml tube. Endogenous ABA aB&'s were extracted using a modified version the

methods shown in Quesnelle and Emery (2007) and Farrow and Emery (2012).

Both the supernatant dnpellet were dried in a speed vacuum concentrator at 35°C
(Savant SPD111VThermo Scientifiy until their weights were constant ensuring all moisture
had been removed, then stored overnight2a® A C . Al samples were ex:
extractionbuffer (CH30H:H20:HCOOH [15:4:1, v/ivij]over ice, then homogenised in a ball
mill (Retsch MM300) with zirconium oxide beads aR0°C. Both the pellet and supernatant
samples were spiked with the following internal standaf#9.8 ng of °H.,ABA (PBI,
Saslatchewan, Canada) and 10 ng each of the following deuterated internal standsird CK
H/BA, °H:;BAR, °HsZOG, °H,DHZOG, “HsZROG, °H,DHZROG, “H¢iP7G, *HsZ9G,
HsMeSZ, *HeMeSiP, *HsMeZR, “HsMeSiPR,HgiPR, HsDHZR, “HgiP, “HsDHZ, HsiPRMP,
and “HgDHZRMP (OlchemIm Ltd., Olomouc, CZ)and vortexed. After overnight passive

extraction at20°C, supernatants were transferred and dried daivab°C.
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Separation, purification and concentration of the different CK fractions was perfosmed
solid phase extraction on a mixed mode, revetszse/ cation exchangartridge Qasis MCX
6 cc; Waters, Mississauga, Canpdativatedwith methanol and equilibrated with 1 M formic
acid ABA was eluted first using 1 ml HPLC grade methanol, followegdthe nucleotideCK
fraction with 1 ml 0.35 M ammonium hydroxide. The free base and riboside fractions as well as
methylthiol and glucoside conjugates were eluted together last using 1 ml 0.35M ammonium
hydroxide in 60% methanol. Plates were then drievrdat 35°C and stored aR0°C

immediately to avoid CK degradation.

Dephosphorylation of the nucleotide CK fraction is necessary for detection of the fraction
using this method and was carried out using bacterial alkaline phosphatase in 1 ml 0.1 M
ethanoamineHCI overnight at 37°C, then samples were dried down at 35°C under a vacuum.
Samples were rehydrated in double distilled water, and were isolated on a rg@lasedgs
solid phase extraction colum{®asis Gg 3cc; Waters, Mississauga, Canada}ivaed with
methanol and equilibrated using double distilled water. Nucleotide samples were allowed to pass
through the column by gravity and the sorbent was washed with double distilled water. Ribosides
were then eluted with methanol, and both fractions weeeporated under a vacuum at 35°C,
and stored at20°C. Before LEMS/MS analysis, all samples were reconstituted in 1.5 ml
starting conditions GH3;COOH: C,H3N:ddH,O [0.08:5.0:94.92 vol/vol/vol] for CK, and

CH3;COOH:CHOH:ddH0 [0.08:5.0:94.92, vol/vol/volfor ABA)) and centrifuged.

Cytokinins and ABA were identified by electrospray ionization, liquid chromatography
tandem mass spectrometry, HRESI MS/MS (Agilentl100HPLC connected to Sciex Applied
Biosystem 5500 API Mass Spectrometer) using the odetlescribedby Nobleet al. (2014) and

Kisiala et al, (2013) with a Luna reverse phasgs GIPLC column( 3 & m, 150 |
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Phenomex, Torrance, California, USA). Cytokinins were eluted using an increasing gradient of
0.08% acetic acid in acetonitrile with 0.08% acetic acid in double distilled water at a flow rate of
0.2 ml per minute. ABA was eluted using an increasing grad&r.08% acetic acid in

methanol with 0.08% acetic acid in double distilled water at a flow rate of 0.2 ml per minute.

Analysis was carried out usingnalyst (v 1.5) software (AB Sciex, Framingham,
Massachusetts, USA) to calculate peak area and corto@mtod analytes by comparisdo the
recovery of the deuteratédternal standardahich were listed earlier in this secti¢gee Figure
14A-E). cZ isomers were identified and quantified based on the peak position of the

corresponding tZ standards.
2.3.1Rationale for Exogenous Concentrations:

The exogenous hormone additions in further experiments were based on both the
endogenous hormone content of the culture and on published literature. The exogenous
applications would be added to the supernatant of the culture therefore the concentrations of
hormones in the supernatant were the values consulted. The endogenous ABA, tZ and MeSZ
content in the supernatant were 1.15, 17.89 and 220.72 pmol/ml, which translatél 19°.0
and 10" M, respectively. Because the exogenous applications were meant to shock the system in
the hopes of creating a novel physiological response in lipid and fatty acid production, values of
107, 10° and 10° M were chosen for exogenous application. Theseeminations were equal to
or higher than the endogenous production of each hormone, with the exception of BA which was
not detected. All three chosen concentrations had also been added to algae previously in the
literature (Nobleet al, 2014), with the eseption of MeSZ, therefore comparisons of results

could be made. BA is an aromatic CK which was also chosen as it has been widely used in the
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literature in exogenous applications (Nobteal, 2014; Piotrowska and Czerpak, 2009). Though
it was not detectk in this study, perhaps due to analytical differences or growth phase

differences, it is known to be produced and releasedhbyrella vulgaris(Ordoget al, 2004).

2.4 Exogenous Hormone Treatments

Twenty 500ml cultures at Qjgh ~1.5 were centrifuged into 50 ml tubes and the
supernatant removed and discarded. Pellets were tierspended with 10 ml autoeld media
using a vortex mixercombined into one cwainer and mixed thoroughly.r8l of this stock were
then used to inodate each of 57 500 ml cultures, giving a startinge§d@f between 0.750
0.850 for all cultures. Four hmone treatmentBA (4 reps),MeSZ (3 reps), tZ(4 reps) and
ABA (4 reps) plus &I water control (12 reps) were added to give final concentratiotisein
cultures of 10, 10° and 10° M. Cultures were then allowed to grow until they reached agD
of 1.5 (previously determine®Dggo corresponding with the end of the exponential phase)
which point whole cultures were harvested by centrifugatiorl® minutes at 5000rpm into 50
ml tubes. The supernatant was discarded and pellets were washed 3 times with DI water before
being frozen overnight aB0 C. Pellets were then individually ground for five minutes in a
mortar and pestle under continuouguld nitrogen addition, then freeze dried for two days in a
bench top freeze drieLé&bconco, FreeZone 4.5; Welch vacuum pump, M# B9D2y pellet

weights were obtained using a microsc@lel{a Range xP105, Mettler Toledo
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2.5Lipid Extraction:

Total lipids were continuously extracted from the total freeze dried pellet in a soxhlet
apparatus for 12 hours each in either 150omB00mI reagent grade hexaael120C. Pellets
were suspended in a thimble of filppaper Whatman, 27cm, Grade).1Round babm flasks
containing hexane and extracted lipids were allowed to cool to room temperature and hexane was
removed using a rotary evaporator with a water bath & @iichi, Rotovapor FB000) Round
bottom flasks were washed 5 times with 10 ml hexane sarerall lipids were transferred into
pre weighed 10 ml glass tubes. Total lipid weights were obtained by drying down 10eslru

a vacuum concentrator for hdurs.

2.6 Transesterification:

Transesterification of total ligs toFAME's was performeth the 10 ml glass tubes by

first saponifying the dried lipid sample with 900ul methanolic KOH in a silicone oil bath at
120 C for 1615 mins with the lids tightly sealed. During heating the tubes were shaken every 4
5 minutes. The tubes were removed fribra oil bath and 100ul heptadecanoic acid was added as
an internal standard. 1 ml methanolic B@las then added and the tubes were heated for an
additional 10 minutes at 120 and shaken every3 minutes. The tubes were then allowed to
cool to room tempature and 1 ml of saturated NaCl solution and 1 ml hexane were added. The
tubes were tightly sealed, shaken vigorously for 5 minutes and centrifuged at 5000rpm for 10
minutes. The upper hexane layer was transferred to 5 ml tubes and 1 ml hexane ws theded

10 ml tubes once again. The tubes were shaken and centrifuged as in the previous step and the
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hexane layer transferred. This was repeated 3 times. FAME samples in 5 ml tubes were then

dried down in a vacuum concentrator for 2 hours.

FAME samples wex redissolved in 1 ml hexane, anchlLDI water was addetdb remove
any residual salts from the transesterification pracelse samples were shaken vigorously in a
vortex mixer for 10 minutes thecentrifuged at 5000 rpm forrbinutes. The hexane layer was
transferredo new 5 ml tubes and anotheml hexane was addedhis processvasrepeated for
a total of 5 washes. A second wash wWithM HCI solutionand a third with0.5g of NaSQ,
anhydrouswith five washes each were alsarried out to remove remnants of catalyst and any
moisture in the samples respectivedlyA ME 6 s thendransferred to pre weighed 5 ml tubes
and dried down for 48 hours in a vacuum concentrait@®5 C and dry weights were obtained

using a microscale.

2.7 Fatty Acid Methyl Ester Analysis:

Fatty acid methyl ester identification was carried out using a Ga®matograph
equipped with a Flame mization detector (G&ID) (Hewlett Packard, 5890 )Aand a FFAP
column gebron Capillary GC Column, 60m, 0.28}1 233543 with helium as the carrier gas.

Both the injector and detector were set at 230°C, with an initial oven temperature of 160°C and a
split ratio of 1/80. Oven temperature was held at 160 for the first 5 minutes, then temperature
was set to increade 230 at a rate of 2°C per minute with a final time of 30 minutes. Samples
were dissolved and injected using volumes of Hhlerane andran-hexanecolumnwash was

conducted between each sample.
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2.8 Statistical Analysis:

Statistics tests were conducted using SigmaPlot (v 12.0) software on exogenous hormone
treatment affect on growth rate, lipid contelr® content and=A profile. One way analysis of
variance with a Duncands mul t i pdntdiffereacegfemt e st
the control, indicated in figures by * when significant differences were detected at the rejection

level of P = 0.05.
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3.1Endogenous Hormone Content o€hlorella vulgaris

44

In all hormonesidentified, the largest concentrations were found to be present in the

supernatant of the culture, with only small amounts present on the algae pellet. However in both

the supernatant and pelleleSCK'swere by far the most prvalent, followed by nucleatetype

CK's (seeFigure 13A & B). By contrast in the pellet low amounts ABA and riboside type

CK's were foundandnegligible amounts of free bagge CK's. However,n the supernatant the

opposite was truas it containechegligible amounts ofribosdes andABA and a significant

amount of free bases.
A) B)
Pellet Supernatant

ABA gs RB FB
° 6%

_IABA

LIFB

LIRB

MNT

H MeSCK

LI ABA

LI1FB

LIRB

ENT

H MeSCK

Figure 13 Hormone profiles represented asrgentage of endogeno@X forms (Free base
FB, Riboside- RB, Nucleotide - NT, Methylthiol - MeSCK) and Abscisic acid (ABA) found in

A) Algae pellet and BAlgae culture gpernatant
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Abscisic acid was found mostly in the supernatant with an average of 1.15 pmol/ml,
while only a small amount of 0.09 pmol/g was found in théepédee Figure 14). No free base
type CK's (ie. tZ, cZ, iP, DZ)were detected in the pellet, however a significant amount was
found in the supernatant of the cultugee Figure 14B)The free base typ€K tZ was the
dominant form found with 17.89 pmol/ml, followed by small amounts of iP 2.20 pmol/ml and a

traceamount ofcZ with 0.87 pmol/ml. NdDZ free bases were detectgee Figure 14B)

Ribosidetype CKS were detected in both the supernatant and thet méli€hlorella
vulgaris In the pellet the most prevalent type vedsriboside (cZR) (0.04 pmol/g) followed by
DZR 0.03 pmol/g andZR 0.02 pmol/g. NaPR was detected in the pelléh the supernatant, the
most prevalent riboside wakBR at 0.16 pmol/mifollowed bycZR (0.05 pmol/ml), DR (0.04

pmol/ml) andtZR (0.01 pmol/ml)(see Figure 14C).
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Almost all nucleotidetype cytokinins were detected in the supernatant with only small
amounts oftZNT (0.45 pmol/g), iPNT (0.25 pmol/g) artdNT (0.09 pmol/g) detected in the
pellet. iPNT was the most prevalent nucleotide found in the supernatant with an average
concentration of 73.97 pmol/ml, followed lZNT (10.29 pmol/ml) and a small amount of

tZNT (0.38 pmol/ml)(see Figure 14p

As mentioned previouslyfleSCK'swere present in the highest concentration in both the
supernatant and pellet @hlorella vulgariswhen compared to all other detedtcytokinin
forms. MeSZ was the most common in the pellet (4.70 pmol/g) followed by M&3$iP1
pmol/g), MeSiPA (0.14 pmol/g) andeSZR (0.12 pmol/g).Very high con@ntrations of MeSZ
weredetected in the supernatant with an average of 220.72 pmol/ml, followed by MeSiP (16.31

pmol/ml), MeSZR (0.97) and MeSiPA (0.69 pmol/r(dee Figure 14E

3.2 Exogenous Hormone Treatment effect on Growth Rate:
3.2.1 Hormone EffectBy Concentration:

A one way analysis of var iPeEmd® wasasegp foed wi
determine significance in all following resyltand is denoted by an asteriskail following
figures. All error bars represent standard error based on Control replicates of n=12, ABA, BA
and tZ replicates of n=4 each and MeSZ replicates of im=this case, the slope values of each
growth curveés trendlines were used to determinevigls of significance for each hormone
treatment on gneth rate. As seen from Figure 15there does not appear to be any difference in

growth rate between hormone treatments gtNIQwhich was confirmed by statistical tests (P <



48

0.05). The slope values this concentration ranged from 0.0749 (ABA) to 0.0925 (tZ). Although
tZ had a higher slope valutan all other treatments, indicating a higher growth rate, this
difference was not significant. All cultures at this low concentration teb® 8ays to rezh the

harvesting OD of 1.5 (seedtire 15A.

The midrange hormone additions of 1™ had amoreobviouseffect onthe growth rate
of the culturewith slope values ranging from 0.0773 to 0.13A and MeSZ stimulated the
greatessignificantincrease in growtlnate (P < 0.05)of 0.132 and 0.126, respectivefyom the
control slope value of 0.080&hese treatments were also the first to reach harvesting OD on day
6. ABA causeda slight increasewhile tZ caused a slight decrease in growtte the control
(harvested on day &nd 10 respective)lyhowever thee differences were not found to be

significant(see Figure 1B).

The highest hormone concentration treatmentl0°> M produced both increases and
slight decreases in growth rate from the contndlich had a slope value of 0.08@ope values
ranged from 0.0753 (ABA) to 0.107 (t4yrans-Zeatinand BA at this high concentration had
significanteffects on growth ratevith increases in slope values to 0.107 and 0.106 respectively,
and both were harvested on dayl8atment withMeSZand ABA at this concentratiosid not

cause a significartteviaion from the contro(see Figure 15C)
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Figure 15 Growth response dfhlorella vulgarismeasured by change in OD @680 nm to exogenous hormones treatments at A) 10
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n=34



50
3.22 Hormone EffectBy Timepoint:

The effect of the hormone additions on growth rate was observed mainly at medium
concentration, and to a lesser extent at high concentration, and this appeared to be amplified over
time, as seen from Figure A6C. The most obvious trend was a typical biphasic response that
hormones often evoke (Davies, 2004), whereby additions at 164 i) and high (1G M)
concentrations both initially had negative effects on growth rate, while by day 6 after additions
both tZ and BA at 1®M had positive effects on the growth rate increasing it by 10.9% and
11.5% respectively, above the controhather clear trend was the addition of all hormones at
10° M had initial positive effects on growth which amplified over time, especially exemplified
by the addition of BA and MeSZ which showed consistggmificantincreases in pwth over
time. The efect of each hormone on growth rate aasr concentrations over time will be

individually discussed below.

BA caused the greatest significaft € 0.05) increase in growth rate throughout the 6
days at 1§ M, increasing growth from 15.5% at day 2,118.36% at day 4, and finally to 28.4%
at day 6 above the control. Additions at>M also ultimately caused an increase in growth rate
from -2.8% at day 2 to 11.5% at day 6. MeSZ caused significant increases in growthMit 10
similar to that of BA, wilh an increase of 13.3% on day 2, to 14.97% growing to 25.5% on day 6
above the control. However, unlike BA, MeSZ decreased growth rate by 7.5% it d© day

6, though this decrease was not significant.
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Figure 16 Percent change in OD from control ©hlorella vulgarisacross concentrations &) Day 2 B) Day 4 and C) Day 6f
treatment * indicates statistical significanc®%£0.05) from control. Error bars represent standard error-dp=Bata converted to
percentage to show trends more clearly.
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ABA also caused a significant increase in growth rate Z&tMQwith an increase of
7.11% at day 2, becoming statistically significantday 4 with an increase of 8.838fd rising
to 10.55% orday 6 (not significant). At the lowest concentration ABA caused decreases in the
growth rate from 4% at day 2, to 7.4% day 4, to a significant 11.6%t day 6. This clearly
shows the amplified negative effect on the growth rate over time. When add@d MtABA
decreased growth by 6.1% on day 2 and 5.8% on day 4; however the growth rate was almost

eqgual to the control by day 6 and no significant differences were found.

The only notable effects of tZ are seen on day 2 and day 6 when add&dead10’ M.
At 107 M, whereby on day 2 tZ caused a decrease in growth of 8%; however this decrease
became negligible by day 4 and in day 6. A small initial decrease in growth rat2Mtdr0day
2 reversed to a small increase by day 4 and reached an inofd#s6% on day 6. None of the
effects of tZ were deemed significant when viewed as percentage increase/ decrease from the
control. Because tZ continued to increase growth at the highest concentration Mfilvas
the only hormone which did not elidiie inhibitory phase at higher concentrations, typical of a
hormonal biphasic response. Presumably this would have happened if the experiment had

continued at greater concentrations.

No other statistically significant differences were identified, althdugids seemed to be
apparent in the data. For this reason statistical tests were conducted not only across
concentrations and days but also within concentrations on individual days. These tests confirmed

a lack of statistically significant differences Wween the control and treatments.
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3.4Exogenous Hormone Treatment effect on Lipid Content:

Although several hormone treatments altered growth rates, the effects on lipid content was
only apparent in select cases. The percentage of dry weight lipid coatesd with individual
hormone treatments when compared to the control, which contained 1.53% dry weight (see
Figure 17. The only treatment which increased lipid content significafiRlg 0.05)above the
control was BA at 18 and 10° M. All other treaments with the exception of tZ at Tand
MeSzZ at 10 M, caused aignificantdecrease in lipid conteiisee Table 4)BA at 10’ did not

differ significantly from the control.
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Figure 17 Lipid content shown as percentage of dry algal weighCblorella vulgarisin
response to exogenous hormone treatménisdicates statistical significancd®£0.05) from
control. Due to expected variation within samples percent dry weight was chaskguies to
highlight trends. See Appendix for raw daEaror barsrepresent standardrer (Control n=12,
all othern=3-4)



Table 4: Summary table of percent change in lipid content from the control (h=12) with hormone

additions

ABA 10’ -36.6168+ 0.849 4 Yes
ABA 10° -34.0059+ 0.736 4 Yes
ABA 10” -31.4687+ 0.401 4 Yes
BA 107 12.32397+ 1.657 4 No
BA 10° 25.43085¢+ 2.073 4 Yes
BA 10° 39.72111+ 2.121 4 Yes
tZ 10’ -40.6409+ 0.429 4 Yes
tZ 10° -38.8285+ 0.641 4 Yes
tZ 10° -7.89128+ 1.750 4 No
MeSzZ 10’ -37.8099+ 1.167 3 Yes
MeSZ 10° -9.92413+ 1.609 3 No
MeSZ 10° -42.5619+ 0.355 3 Yes

3.4Exogenous Hormone Treatment effect ofratty Acid Content:

Similar to the responses observed with the overall lipid content, ABA, tZ and MeSZ
treatments, at all concentrations, caused a significant redustfoiNIE content when copared
to the control (se€igure 18. Only treatment with BA at TOM caused a very slight increase in
FAME content from 10.8 mg to 11.2 mg; however this was not signif{€aqt0.05) BA at 10’
and 10° M caused a significant decrease in FAME content. All treatments withxteption of
MeSZ show a subtle dose dependant response where increasing concentrations of hormones
produced increases in FAME content, however in most cases the FAME content was still below
that of the controlStandard deviations ranged from -28.9% wit replicates ranging from 12

to 3 (see Figure 18).
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Figure 18 Total FAME content ofChlorella vulgaris(mg) in response to exogenous hormone
treatments. * indicates statistical significanPe@.05) from control. Reduced variation between
samples allowed for trends to be visible using raw data. Error bars represent standard error
(Control n=12, all other n=3).

The transesterification process also yielded unknown compounds which contributed to
the mass of FAME's measured. This was dué&dth naturally found compounds within the
lipids and due to excess salts and moisture from the transesterification process. As previously
mentioned in the methods, the salts and moisture were removed by sample washes of dilute
hydrochloric acid and anhydrse sodium sulphate. To determine the class of the unknown
component of the FAME samples TIs€parations followed bg-NMR analysiswere conducted
on two randomly selected FAME samples. These tests confirmed the presence of long chain
alkane type moleculesgs well as confirming successful transesterification of RA&. The
methods used and the results of these tests can be found in the Appendix. As this component was

not present in the GEID spectra produced by the same samples, these compounds would not
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affect the concentration calculations for the FAME's we were analyzing, therefore no further

testing was performed.

Unfortunately, after the transesterification process, all biological replicates of the
treatments ABA at 106 M and tZ at 1§ M were unirtentionally destroyed, and thus not
available for analyses &fA profiles. Those specific dosages have therefore been omitted from

any further graphs and discussion.

3.6 Exogenous Hormone Treatment effect ofratty Acid Profile:

The controlFA profile of Chlorella vulgariswas composed mostly of tiHdJFA linoleic
acid (38%), the saturated palmitic acid (32%) and the momatunaged oleic acid (23%) (see
Figure 19. The saturated stearic acid aRUFA linolenic acid were small components of the

profile congituting 5% and 2% respectively.

i Palmitic
M Stearic
i Oleic

H Linoleic
M Linolenic

Figure 19 FAME profile of controlChlorella vulgarisshown as averaged percentage of total.
Heptadecanoic acid standard recovery for all samples was calculated to be 68.9%%/with
a standard error of 2.6 (n=49).
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The hormone treatments produced variations irFthgrofile of Chlorella vulgaris which includedall five most common FA'
found in thecontrol cultures (see Figure R€E). All treatments at all concentrations caused an increase in stearic acid the highest of
which was caused by the addition of ABA at®l with an increase 065.56% above the control. Treatment with ABA and MeSZ
produced the most consistent changes throughout the profile across all concentrations while treatment with BA and tZnpreduced

variable results acss concentrations (sd@ble 5 Figure 20AE).

Table 5: Summary of percent changeFAME content from control showing number of replicates, statistical significance and
standard error values. * indicates significance from con@e0(05).

ABA 10° 4 16.48 1.57 65.57% 0.62 -1559 299 -1442 2.36 25.07 0.51
ABA 10° 4 11.72 1.10 1348 085 -694 176 -528 048 -36.64 0.24
BA 10" 4 1257% 2.64 547 045 23.06 248 -23.00 3.06 -48.25 0.13
BA 10° 4 -5.33  0.97 851 053 027 150 396 147 -13.66 0.20
BA 10° 4 -6.78 0.76 1401 038 -10.72 222 1137 105 -14.89 0.55
tz 107 4 -11.22 1.28 4290 0.63 6.28 251 -299 171 48.63 0.29
tZ 10° 4 -0.99 1.12 31.6F 052 -1476 257 817 265 -41.77 0.29
MeSZ 10/ 3 -7.07 114 1840 0.23 -13.86 2.05 051 111 20453 0.56
MeSZ 10° 3 -8.25 0.38 1794 054 -42.106 099 482 165 45743 1.34
MeSZ 10° 3 -5.52 0.37 41.06 0.22 -6.37 111 6.07 088 -51.98 0.32
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n=3-4). Raw data was converted to percentages to reveal trends more clearly.
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4. Discussion

4.1 Chlorella vulgarisEndogenous Hormone Content:

Phytohormones such &K's and ABA act as signal molecules in plants, algae and
bacteria (Sakakibara, 2006; Frebettal, 2011). In higher plants they are generally synthesised
in one part of the plant and are transported to their target organ vialtieenplvhere receptors
perceive them and react according to their concentration (Davies, 2004). In media grown
unicellular algae, these molecules are synthesised in each algal cell, then released into the media
where they are perceived by the rest of théséelthe culture (Spichal, 2012). Again, these cells
react according to the concentration of phytohormones in the media, either accelerating or
decelerating growth, mounting a pathogen response or producing different metabolites
(Piotrowska and Czerpak0Q@9; Tateet al, 2013). It is clear that this cycle is being exemplified
in the results of the endogenous hormone studyhddrella vulgaris This study shows that this
algal species can synthesise a mixtureCif's and ABA, as well as release them te th
surrounding media. The vast majority of the dete€@&k and ABA were found in the media

and not in the pellet and were therefore actively signalling the rest of the cells in culture.

4.1.1 Abscisic Acid Content

ABA i s consi der e &itiasynthesisedeandsraleaskedin ammaaece \&hen
a plant is experiencing stressful or suboptimal growth conditions such as lack of nutrients
(Nambara and MaricRoll, 2005). Boththe pellet and supernatant contained very low
concentrations of ABA0.09 pmol/g and 1.15 pmol/ml respectivelhen compared to the total
CK content, indicating that the culture had abundant resources and was not experiencing abiotic

stress. This low ABA content is representative of the exponential growth phase whelutes
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were harvested; because of the fresh input of nutrient rich media and the thinning of the cultures
there was nmbvious rolefor ABA signalling. By contrast a study of the endogeno@¥K and

ABA profile of Euglena gracilisrevealed relatively higltevels of ABA in both the pellet and
supernatant (Noblet al, 2014). However, the algal culturestivat study were resuspended in

DI water and grown for 2 days prior to harvesting; therefore they were experiencing severe
nutrient and osmotic stress damvould be producing much more ABA than a healthy algal

culture.

4.1.2Cytokinin Content:

4.1.2.1Methylthiols - Of all CK types,MeSCK'swere the most abundant in both the pellet and
supernatant of the exponentially growing cultures. Methylthiols wesently discovered and
seemto be present in a diverseray of tissues, yet still hawn unknown functiorfSakakibara,
2006) The forms MeSZ, MeSZR, MeSiP and MeSiPA have been positively identified in the
motile unicellularalgaeEuglena gracilisin significant amounts inhe supernatat) however no
speculation on thepossible function was discussed (Nobteal, 2014). Previously, studies on
Rhizobiumbacteria found thaMleSCK'swerethe predominanCK's found within the cell and

were also preent in the media (Kisiakt al, 2013).

Although the algae cultures in this study were not maintained in a flow hood, all equipment
and media was thoroughly sterilized and the air supply filtered to prevent bacterial
contamination. During the entiretyf the culture maintenance as well as during experiments,
regular microscopic examination of the cultures was also carried out in order to ensure that no
contamination had occurred. It is therefore assumed thaléi$CK content is due to the algae

culturesalone and not bacterial contamination.
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In this study, the most abundant formM&SCK wasMeSZ, with a smaller amount of
MeSiP also being produced and released into the mbditne case of the parasitic fungus,
Ustilago maydisit was hypothesized thah accumulation dleSZin infected corn tissue may
be due to its release by the fungus in order to stimulate further cell proliferation and thereby the
development of tumours (Morrisoet al, 2015). This result and explanation suggehtt
MeSCK'smayplay a simulatory role in cell growth and therefore would be abundant during the
exponential growth phase of the algal cultures. irheh larger quantitiesf the MeSCK'sin
comparison tdahe levels of CK's and ABA detecteahy also be due to the reduced ability of the
CKX enzyme to break them down, therefore resulting in a build up in both the pellet and
supernatant (Radhiket al, 2015;Morrisonet al, 2015. It should also be noted that the riboside
forms of MeSZ and M8iP were low in both the supernatant and the pellet, indicating that

conjugatesvere being readily converted intloe presumably more actifieee base forms.

4.1.2.2 Free Bases, Ribodes and Nucleotides Free base cytokinin forms are generally
considerd the most biologically active forms (Sakakibara, 2006; Spiehall, 2004) and i@
synthesised from nucleotidesd ribosides through either the direct action of the LOG gene
(Sakakibara, 2006; Kurakaved al., 2007) or througla two-step process stamty with phosphate
group cleavage from nucleotide to ribosatal then, secondlyp free base form. Riboside forms

are consideretess active and possibdéhortterm storage forms while nucleotides are considered
inactive precursorSakakibara, 2006). In this study it was found that there was an abundance of
IPNT as well as a small amount oZNT, both mostly in the supernatant of the exponentially
growing Chlorella vulgariscultures, with very small amounts in the pellet. There alss a very

small amount ofZNT found in both the pellet and supernatant but no DZNT. Since the iP and

cZ types were the mostbundantucleotide formst suggest that these arenostly inactive at
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this stage of exponential growtlihis is further suppted by the riboside content, which also
contained high amounts of iPR, cZR and DZR with low amountZRfindicating that tZR is
readily being converted to free base form for active signallmthis study it was found that free
base forms were the s®al most abundant form detected in the supernatant, and were composed
mostly of the free base#Z, with very low amounts of iP andZc This further suppos the

importance ofZ as the main signal molecule, as ithe most abundant active form

These rsults mirror the results found EBuglena gracilis where the highest concentrations
of hormones were found in the supernatant (Nadileal, 2014). The free bas€K's most
prevalent in the supernatant were also tZ and MeSZ, with the cis isomer and iP forms most
abundant in the pellet as riboside and nucleotide foiffhaias also found to be at its highest
concentration in nucleotide form (Nobé al, 2014), as it wa in this study. AlthougliLUC
storage forms and aromatzK's such as BAare known to be produced by Chlorella sp. (Ordog
et al, 2004), none were detected in the present siliuy.results of Noblet al, (2014) as well
as the results of the current dyuunderscore the importance of production and release of

hormonesn algal systemsather than their retention and use within the cells.

4.1.2.3 Active Cytokinin Synthesis PathwayAs stated previously in the literature review
chapter,CK synthesis isdivided into two active pathwayshe MEP and MVA pathway
responsible for producing either the tZ deriv&d's or the cisgsomers, respectively (Sakakibara,
2006). Previous research into the preferr€K synthesis pathways of higher plants have
concluded that they tend to favour the MEP pathway and produce more tZ issmérdower

plant organisms such as algae and other microorganisms favour the MVA pathway and produce

more cisisomers (Pertryet al, 2009). This was supported by an endogenous hormone study
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conducted on the green algdeglena gracilis which revealed that the ma@K produced was

cZ, which originated from the MVA pathway (Nobé¢ al, 2014).

The results of this studgo notsupportthose of previous work, as the main biologically
active form being produced wag which originates from the HP pathway. Highfree base
levels oftZ werefound with low amounts ofZ. As free bas€K forms are believed to be the
most biologically activgSakakibara, 2006), this indicatéhattZ was being synthesised at a
higher rate, suggesting that it is the more active oftweeisomers.High levels ofcZ in the
riboside and nucleotide storage formih low levels oftZR and tZNTalso support this claim.
These low levels in storage indicate ttiZR and tZNTis being converted tthe active free base
form for use in signalling, whereas the cis isomer is remaining as a storageDioento the
presence of the cis isomer, thoughaw lquantities, these results indicate that both the MEP and
MVA pathways are active withitChlorella vulgarisduring the exponential stage of growth.
However, it is clear that the MEP pathway is the most active, due to the high levels ofzactive
For this reasontZ was chosen for exogenous application in further experimasiis appeared to

be more activén the system thaoZ.

It has been hypothesised that conversion between cis and trans isomers can occur due to
the action of the citrans isomerasenzyme, resulting in both compounds being present (Frebort
et al, 2011) which mayalsoexplain the presence of both isomeétss also possible that the tZ
found may be of symbiotic bacterial origin acting within €@blorella vulgaris cultures, as
baderia commonly produce and release the tZ isomer in free base form (Kasiala2013).

However, it is most likely that the MEP pathwaisiply more active than the MVA pathway.
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It was recently postulated that MeSZ, which was found in bigimtities, is also a product
of the MVA synthesis pathwayMorrison et al, 2015. The high levels of MeSZ therefore
indicate that the MVA pathway is being activated for the production of this abuG#attiring
the exponential growth phase Ghlorella wlgaris. Recent research has also discovered that
Me S C Ktldoagh they mimic the action of the otl&K's, are more stable and persistent in the
system because of the lowered ability of the degradation enzyme CKX to act upon them
(Radhikaet al, 2015). Tis could result in elevated levels beSCK's especially in closed

systems such as the one examined in the current study.

4.2 Exogenous Hormone Treatments on GrowthRate:

The addition of hormones at varying concentrations to cultureShadrella vulgaris
producedchanges irgrowth rate compared to the control culturBiserefore our hypothesis that
the exogenous application of hormones would affect the growth rate is suppOued.
predictions stated that tl@&K's BA, MeSZ and tZ would cause ineses in the growth rate while
the addition ofthe stress hormon&BA would cause decreases in growth rate compared to the
control cultures. The addition of BA and MeSZ a’M and tZ at 10 M both caused increases
in growth rate, thereby supporting theedictions. However, ABA causetb significant change
in growth rate, therefore the prediction that ABA addition would decrease growth rate could not

be supported.

The greatest significant increases were caused by the additions of BA and MeSZ at 10
M, which were statistically different from the control on day 2, 4 and 6. BA and MeSZ were also

found to be the most consistent in terms of their effects whereas treatment with other hormones
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showed more variation and therefore less predictability. TreatrmétitsBA and tZ at 10 M

also increased growth however only the increase caused by BA’av1Was found to be
statistically significant, and only on day 4. ABA also caused a statistically significant increase at
10° M on day 4 only. The only significadecrease in growth rate from the control af Mwas
observed with ABA, however this did not become statdly significant until day 6.This
indicated that 10 M was generally too low of a concentration to overcome the natural
metabolism of an exponentially growing culture @hlorella vulgarisand only succeeded in
disrupting the system enough to warrant a slight decrease in growth rate throughout the test
period. It was also clear that treatment with mG@#t's and ABA did not have an immediate

effect, as most significant changes in growth rate occurred between day 4 and 6.

All hormones tested, with the exception of tZ, showed a typical biphasic response
wherely very low and very high concentrations inhibited the culture growth and the median
concentration promoted growth (Nobé&t al, 2014). This allowed us to ascertain optimum
concentrations for the exogenous addition of BA, ABA and MeSZ, but not tZ. Asehtest
increases in growth rate were observed for treatments with BA, MeSZ and ABR &t tiis is
considered the optimum concentration for the addition of these hormo@édotrella vulgaris
Although BA also caused an increase in growth above thieot@ 10° M, it was not as notable
as that cause by additions at®1®1. Additions of tZ at 10 M caused a greater increase in
growth than additions at T0M, however 1 M caused the greatest increase in growth rate
compared to the control. This iedtes that the optimal concentration for tZ may be greater than

10° M.

Interestingly, 10 M was the same concentration found to be cytotoxicEtglena

gracilis in a previous study, where the optimum concentration for exogenous applications of tZ
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wasfound to be 10 M (Nobleet al, 2014). It was also revealed that ABA is cytotoxic at WD

and its optimum concentration was determined to be far less“aM1(Noble et al, 2014).
Conversely, the current study showed relatively high optimum contentrand a lack of
obvious cytotoxicity at higer concentrations indicating th&hlorella vulgarismay be more
resilient to treatments with ABA and certa@K's thanEuglena gracilis A study onChlorella
vulgaris recently showed large increases in cell number with the addition of both BA and tZ at
optimum concentrations of T0and 1® M respectively, which were also lower than the
optimum concentrations found in the current study (Piotrowska and Czerpak, P@89pay be

due to slight differences in growth conditions or differences in harvesting time.

BA is a well known aromati€K which has become widely used in hormone studies in
algae and higher plants (Piotrowska and Czerpak, 2009; Magtafa 2005). hterestingly, this
study has shown that MeSZ stimulates comparable increases in growth to BA at the same
concentration when applied @hlorella vulgaris No studies on exogenously appligig@SCK's
have been published to date, to the best knowledge ofuttera As BA has become the
standardCK used to increase growth rate this is a significant breakthrough. As previously stated,
MeSCK'shave been detected in several different organisms including algae, bacteria and fungi,
howeververy little is known anda theory as to their precise purpose and functgomostly
speculative Morrison et al, (2015) hypothesised thiteSCK'swere released by the parasitic
fungus Ustilago maydisinto corn cob tissue, stimulating substantial cell proliferation which
facilitated the formation of cob tissue tumouldofrison et al, 2015. The large increase in
growth rate with the addition of MeSZ @hlorella vulgarissupports the hypothesis tHdeSCK

introduction causes cell proliferatiomhis also verifies that MeSZ can be considered a growth
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promoting hormonevhen added exogenously at®1®, which supports our predictions that its

addition would increase the growth rateGiflorella vulgaris
4.2.1Cytokinin/ ABA Antagonism

Many studies have shown that there appears to be an antagonistic relationship between
ABA and CK content within plant cells (Emergt al, 1998; Cowanet al, 1999). This
relationship was observed during lupin growitnere decreases in ABA contentrcided with
large increases in CKnd auxin, particularly in rapidly growing tissue (Emetyal, 1998). This
relationship was also shown in a study of ripening avocado mesocarp, where the addition of
various adenine andoprenoidCK's caused a corresponding reduction in the ABA content by
increasing the deactivation of ABA into phaseic acid (Cowaral, 1999). The addition of
syntheticCK's such as N2-chloro-4-pyridyl)-N-phenylurea (CPPU) also caused a reduction in
ABA content by disrupting ABA biosynthesis (Coweatnal,, 1999). This antagonistic behaviour

has also been notedafgee (Lu et al, 2014).

The results from the endogenous portion of this study, although not a time course study,
suggest that the same aaism may be occurring in the rapidly proliferati@lorella
vulgaris culture, as ABA levels were significantly lower than to& levels. This may also
indicate the favouring of rapid cell proliferation while resources are high and therefore high
levels of CK's, as opposed to slow growth and the favouring of storage accumulation which
occurs with high levels of ABAThis relationship is similar to that found by leti al. (2014)
where endogenous ABA levalscreased in response to decreased nitrogetahuday while the

levels of active CK's decreased in the aljaenochloropsi®ceanicallLu et al, 2014).
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The exogenous addition of AB# our studyalso seemed to have the opposite effect on
growth in general compared to the addition of @€'s BA and MeSZ. Although there was a
slight increase in growth with the addition of ABA at®lid, this was small in comparison toe
growth caused by BA and MeSZ additions, which mabsp indicate the antagonistitfexts of
CK addition and ABA additionThisis also in agreement with the results of previous studies on
the exogenous addition of ABA and CK's to algae, where ABA slowed growth and stimulated

the stress response whili's accelerated growth (Let al, 2014).

4.3Exogenous Hormone Treatmentsnd Effect on Lipid Content:

Lipids are synthesised by algae to be used as a form of long term energy storage and are
known to accumulate during times of unfavourable growth conditions in algal cultures€Chen
al., 2011; Gouveiat al, 2009; Gardenegt al, 2011). As theChlorella vulgariscultures in this
study were grown in nutrient rich media to ensure culture growth was in exponential phase
during hormone additions, maximizing lipid accumulation was not the main goal of this study.
However, the additio of phytohormones was expected to cause changes in the total lipid content
of the cultures, as hormones alter metabolism by signalling changes in growth conditions. For
example, as ABA is considered a stress hormone which is usually synthesised mdye rapid
during unfavorable growth conditions (Cowetnal,, 1997; Hartung, 2010; Tarakhovskastaal,
2007), it was expected that high concentrations of ABA added to the cultures would cause them

to react accordingly and therefore begin accumulating lipids.

The lipid content of the&hlorella vulgariscultures in this study ranged from 0.88% to

2.14% dry weight which is within the typical range for an exponentially growing culture under
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favourable growth conditions in nutrient rich media (Sostairial, 2009) Sostaricet al,, (2009)
found that the average lipid content Ghlorella vulgarisgrown in nutrient rich media and
harvested after 7 days of exponential growth was also very low at 1.69%. BA at all
concentrations increased total lipid yield above tharobwith the highest being 39% caused by
BA at 10° M. This is mirrored by the results found by Mostefaal, (2005) where the addition

of BA caused an increase in oil yield of 22%Hibiscus sabdarifffMostafaet al., 2005).

Our hypothesis thatifferent hormones at different concentrations would cause
changes in the overall lipid content &hlorella vulgaris was supported. However, our
prediction that BA, MeSZ and tZ would decrease while ABA would increase lipid content can
only be partially spported. All hormone additions with the exception of BA caused decreases in
the lipid content from the control, therefore the prediction is supported for the growth hormones
MeSZ and tZ, but not for ABA. Some studies have shown that with exogenous amdicat
ABA, growth is in fact increased (Kobayastial, 1997; Nobleet al, 2014). Kobayastet al,

(1997) found that the addition of ABA tdaematococcus pluvialincreased cell growth rate as

well as causing an increase in carotenoid productitileviNobleet al, (2014) found that ABA
addition to Euglena gracilisincreased cell growth rate the most out of all single hormone
treatments. Interestingly, BA showed a dose dependant response producing a positive correlation

between hormone concentratiand lipid content, therefore the prediction was unsupported.

It is possible that the addition of the growth hormones MeSZ and tZ stimulated the cells to
remain in exponential growth phasterefore no accumulation of lipids occurred. This is
supported ¥ the increase in growth rates observed with the addition of MeSZ and tZ at certain
concentrations which would cause the cell to metabolize more lipids when compared to the

control. Research into lipid arfeéA production in pigs and rats has shown that growth hormones
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antagonise fatty acid synthageA§ transcription, therefore reducing the productiofrAfs and

the structural lipids which are made from them (Sul and Wang, 1998). Although this relationship
has not been proven in plants, it is possible that this may be occurring with the addition of the
growth hormones MeSZ and tZ, as plants also corft&i8 and fatty acid elongasd-AE)
(Jadhavet al, 2008) However, it is unusual that BA, which caused theatest increase in
growth rate, produced lipid yields above that of the control. As BA was the only ardiatic
exogenously applied, perhaps this has to do with the difference in structure compared to the other
two CK's added. The addition of ABA was pretgéd to increase lipid yield, however the
opposite occurred. This result when compared to the published literature may be due to
differences in the test organisf@adhavet al, 2008),or differences in growth conditions and

growth phase.

4.4Exogenous Hbrmone Treatmentsand Effect on Fatty Acid Profile:

TheFA profile of the controlChlorella vulgariscultures tested proved to be typical for the
species when grown in favourable conditions, marked by a ratio of ~1:3 saturated to unsaturated
FA's (Stephensoret al, 2010; Tsuzukeet al, 1990). Treatment with phytohormones induced

changes in th&A profile, therefore our hypothesis was supported.

Based on the literature available, it was predicted that all four hormone additions would
increase usaturated-A's at the expense of saturatéd's. This however was not the case, as the
hormone treatments produced much more diverse effectsabmthghormone treatments and
amongconcentrations. ABA was the only hormone which producetéartrend in tle results

but this went against the predictiondNo other hormonre produced the changdabkat were
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predicted. The only consistent change was an increase in stearic acid with the addition of all

hormones at all concentrationgherebythe most dramatic wasiased by ABA at 1&M.

ABA produced a definite trend of increasing saturated palmitic and stearic acid while
decreasing the unsaturatéd's with the exception of linolenic acid at 0. This was a clear
indication that treatment with ABA had the opjie effect than was predicted. This was also
opposite to the findings of Jadhaval., (2008), where ABA additions caused a twofold increase
in the very long chain monounsaturatedl's erucic (22:1) and eicosenoic (20:1) acidirassica
napus seeds (Jathv et al, 2008). ABA also decreased tot&lA content at all three
concentrations in this study whereas Patrlal, (2013) found it caused an increase of 13% from
the control inChlamydomonas reinhart{iPark et al, 2013) and an 18% increaseBnassica

napus(Jadhawet al., 2008).

Treatment with BA specifically had almost the same pattern dtat@ 10° M where
saturated palmitic acid and oleic acid were decreased slightly while linoleic increased. These
results are mostly in agreement with the fingdi of a previous study conducted on hibiscus seeds
(Hibiscus sabdariffawhere palmitic decreased while oleic and linoleic increased (Mastaia
2005). However, in this study, BA addition at’1® increased palmitic and oleic acid while

decreasingjnoleic acid, which conflicts with the findings of Mostaftal., (2005).

MeSZ and tZ increased overall unsaturation the most across treatments, with tZ increasing
oleic acid and MeSZ increasing linoleic acid across concentrations and causing very large
increases in linolenic acid, especially at®1®. A study conducted orColeus blumeiand
Impatiens sultanshoots and leaves found that the addition of tZ caused a decrease in palmitic

acid of approximately 9% (Kull et al., 1978), which was comparahtleedindings of this study



72

where tZ at 18 M caused a decrease in palmitic acid of 11.2% from the control. As stated
previously, growth hormones in mammalian systems have been known to suppress the
production ofFA's (Sul and Wang, 1998), which may be whe growth hormones MeSZ and

tZ had negative effects on totBlA content. Again, as BA is an aromatiK, perhaps its

structural differences caused it to have a more positive effect orfrfotaintent.

As was stated previously, no study on exogendaSZ application taChlorella vulgaris
has been published to date, therefore the effects of MeSZ dfAtipeofile of this species are
completely unknown. The most interesting point to note is the very large increases in linolenic
acid caused by this horme at both 18 and 1¢° M. This effect was not seen with any other
hormone at any other concentration to this extent. Linolenic acid is composed otarbds8
chain with three double bonds (18:3) which makes it incredibly useful and versatile as a
feedsock for industrial applications. Through ozonolysisie 1,3propanediol molecule and a
propanolmolecule can be made from this long chiafk(Narineet al.,, 2007). 1,3ropandiol is a
ubiquitous chemical usually synthesised from crude oil, and has applications in everything from
adhesives to carpeting (Kraus, 200Bue to the unique spiralling shape of -pf@panediol,
products produced with it come with advantageshsag greater stretching and recovery, stain
resistance and better colour fastness including UV fade resistance, lower dyeing temperatures
and the option of a more extensive colour range (Kraus, 2008). If optimized, MeSZ treatments
may makeChlorella vulgars a viable candidate for a sustainable source of this valuable

chemical.
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4 5 Future Research:

The study design used in this experiment was built around the addition of hormones during
a certain phase of culture growth, so as to ensure the hormones were fully responsible for any
changes observed. An exponentially growing culture is actively uglitie media for nutrition
and signalling during this phase therefore the hormones would have been readily perceived by
the cells in culture. It would be very interesting to see if these hormones have the same effect
when the culture is in the stationary age of growth, which coincides with the lipid
accumulation phase. This way perhaps hormone additions could be fine tuned to maximize lipid
yield and potentiallyFA vyield. It would also be useful to explore the relationship between
hormone addition and theanscription rates dFASandFAE. Given the relationship in animals
(Sul and Wang, 1998), perhaps one may exist in plants which can be exploited for the

maximization of lipid yield or specifiEA's of value.

The addition 0oiMeSCK'sto the cultures had significant effect on growth, comparable to
the increases in growth caused by BA at the same concentrations. This is further evidence to
suggest that MeSZ plays an important role in causing rapid cell proliferation in an algal culture,
and may be applietb other organisms to see if the same effect occurs. This was also the only
hormone which caused a very significant increase in linolenic adidy which has multiple
applications in the pharmaceutical and chemical industries. Perhaps this hormoneisad foe
produce other sustainable sources of Bfior example another algal species or canola in order

to maximize yield.
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5. Conclusions

In summary,our endogenous study showed titlorella vulgarisis able to synthesise
and release a mixture @K's includingcZ andtZ, iP and DZ, as well their corresponding
riboside, nucleotide and methiyiolated counterpartsOur hypothesis that the exogenous
application of the growth hormones BA, MeSZ and tZ tedstress hormone ABA would cause
changes in the growth rateas supportedMeSZ was the most abundar€K detected
endogenouslyand was very successful at stimulating growth with exogenous application, which
was comparable to that &A application. Theoptimal concentrations for growth stimulation
were discovered for BA, MeSZ and ABA at @M but the optimal concentration for tZ is

hypothesised to be TtV or more.

Hormone additions were successful at altering both the total lipid andFé&tabntert
which supported our hypothesisowever only BA was successful at increasing lipid content
significantly above the control. All hormones at all concentrations caused changesHA the
profile from the controlvhich also supported our hypothedise mossignificant of which was
thelargeincrease in linolenic acid by MeSZ. As research on the exogenous applications of BA,
tZ, MeSZ and ABA and their effect dPA profile in Chlorella vulgarishas not been published to
date, these results contribute a new piece of information to the existing pool of knowledge in

bothFA'sand hormones in algal systems.
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7. Appendices

7.1 Endogenous Hormone Study Raw Data:

The following includes all raw data produced from the endogenous hormone study of Chlorella vulgaris. Data tables for ABA
and all cytokinin types found (Free Bases, Ribosides, Nucleotides and Methylthiols) have been ascludibdsall supplementary
numbers used for calculations such as molecular weight and tissue weight. All sample names proceeded by "P" represent pellet
samples, while all samples labelled "S" are supernatant samples.

7.1.1 ABA
Table6: Endogenous ABA content @thlorella vulgaris
# | Name | MWABA | 2HABA | ABA Tisue Weight (g fwt.)| Internal Stnd (ng) | ABA

ABA 1 P2 26432  1.62E+07  4.52E+04 0.2170 2.70E+01 1.3134
ABA 2 P3 264.32  1.95E+07  4.74E+04 0.2380 2.70E+01 1.0433
ABA 3 P4 264.32  158E+07 4.52E+04 0.2250 2.70E+01 1.2988
ABA 4 P5 264.32  2.10E+07  4.75E+04 0.2490 2.70E+01 0.9279
ABA 5 P6 264.32  1.78E+07  3.58E+04 0.1150 2.70E+01 1.7865
ABA 6 P7 264.32  1.70E+07  3.66E+04 0.1810 2.70E+01 1.2150
ABA 7 P8 26432  1.83E+07  3.88E+04 0.1400 2.70E+01 1.5470
ABA 8 s1 26432  7.92E+06  3.35E+05 0.1650 2.70E+01 26.1860
ABA 9 S2 264.32  9.39E+06  5.58E+05 0.2170 2.70E+01 27.9732
ABA10  S3 26432  9.46E+06  4.22E+05 0.2380 2.70E+01 19.1460
ABA1l  S4 264.32  7.62E+06  4.03E+05 0.2250 2.70E+01 24.0105
ABA12 S5 264.32  9.08E+06  4.21E+05 0.2490 2.70E+01 19.0209
ABA13  S6 264.32  1.11E+07 2.59E+05 0.1150 2.70E+01 20.7259
ABA14  S7 264.32  1.05E+07  4.19E+05 0.1810 2.70E+01 22.5206
ABA15 S8 264.32  1.20E+07 3.63E+05 0.1400 2.70E+01 22.0715

7.1.2 Free Bases:
Table7: Endogenous cytokinin free basentent ofChlorella vulgaris

Tissue Internal

Weight | Stnd
# Name | MW Z | 2HDZ tZ cisZ MW DZ | 2HDZ DZ MW iP | 2HIiP iP (g fwt.) | (ng) TransZ | CisZ DZ| iP
FB1 P2 219.25 9.14E+05 0.00E+00 0.00E+00 221.259 9.14E+05 0.00E+00 203.25 4.59E+06 0.00E+00 0.2170 10 0 0 0 0

FB2 P3 219.25 9.83E+05 0.00E+00 0.00E+00 221.259 9.83E+05 0.00E+00 203.25 4.25E+06 0.00E+00 0.2380 10 0 0 0 0
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FB3 P4 219.25 9.04E+05 0.00E+00 0.00E+00 221.259 9.04E+05 0.00E+00 203.25 3.55E+06 0.00E+00 0.2250 10 0 0 0 0
FB4 PS5 219.25 8.77E+05 0.00E+00 0.00E+00 221.259 8.77E+05 0.00E+00 203.25 4.58E+06 0.00E+00 0.2490 10 0 0 0 0
FB5 P6 219.25 9.91E+05 0.00E+00 0.00E+00 221.259 9.91E+05 0.00E+00 203.25 4.30E+06 0.00E+00 0.1150 10 0 0 0 0
FB6 P7 219.25 9.95E+05 0.00E+00 0.00E+00 221.259 9.95E+05 0.00E+00 203.25 4.23E+06 0.00E+00 0.1810 10 0 0 0 0
FB7 P8 219.25 6.93E+05 0.00E+00 0.00E+00 221.259 6.93E+05 0.00E+00 203.25 3.21E+06 0.00E+00 0.1400 10 0 0 0 0
FB8 S1 219.25 5.54E+05 6.85E+05 4.74E+04 221.259 b5.54E+05 0.00E+00 203.25 3.10E+06 1.84E+05 0.1650 10 341.788 23.651 0 17.6987
FB9 S2 219.25 9.90E+05 1.56E+06 2.98E+04 221.259 9.90E+05 0.00E+00 203.25 4.59E+06 4.99E+05 0.2170 10 3312 6.3268 0 24.6489
FB10 S3 219.25 8.47E+05 1.26E+06 5.16E+04 221.259 8.47E+05 0.00E+00 203.25 5.03E+06 6.40E+05 0.2380 10 285.083 11675 O 26.303
FB11 S4 219.25 8.64E+05 9.96E+05 3.37E+04 221.259 8.64E+05 0.00E+00 203.25 4.12E+06 6.51E+05 0.2250 10 233.681 7.9067 0 34.5518
FB12 S5 219.25 4.72E+05 7.73E+05 2.17E+04 221.259 4.72E+05 0.00E+00 203.25 2.19E+06 6.34E+05 0.2490 10 299.984 8.4213 0 57.2025
FB13 S6 219.25 6.99E+05 2.30E+05 3.64E+04 221.259 6.99E+05 0.00E+00 203.25 3.10E+06 2.08E+05 0.1150 10 130.501 20.653 O 28.706
FB14 S7 219.25 6.25E+05 9.82E+05 2.81E+04 221.259 6.25E+05 0.00E+00 203.25 3.21E+06 4.58E+05 0.1810 10 395925 11.329 0O 38.7839
FB15 S8 219.25 8.92E+05 3.51E+05 3.80E+04 221.259 8.92E+05 0.00E+00 203.25 4.36E+06 4.42E+05 0.1400 10 128.196 13.879 0 35.6268
7.1.3 Ribosides:
Table8: Endogenous cytokinin ribosid®ntent ofChlorella vulgaris
Internal
MW MW MW Weight | Stnd

# Name | ZR 2HZR| tZR | CisZR| DZR | 2HDZ DZR iPR 2HiPR iPR (g fwt.) | (ng) TransZR| CisZR| DZR | iPR

3.13 494 159
R1 P2 351.37 E+06 E+03 E+04 353.38 2.91E+06 1.24E+04 335.37 1.89E+06 0.00E+00 0.2170 10 0.207 0.666 0.556 0.000

3.19 5.07 158
R2 P3 351.37 E+06 E+03 E+04 353.38 2.98E+06 9.31E+03 335.37 1.81E+06 0.00E+00 0.2380 10 0.190 0.592 0.371 0.000

281 462 1.09
R3 P4 351.37 E+06 E+03 E+04 353.38 2.22E+06 1.02E+04 335.37 1.49E+06 0.00E+00 0.2250 10 0.208 0.491 0.578 0.000

356 545 195
R4 P5 351.37 E+06 E+03 E+04 353.38 3.17E+06 1.01E+04 335.37 1.19E+04 0.00E+00 0.2490 10 0.175 0.626 0.362 0.000

406 7.97 456
R5 P6 351.37 E+06 E+03 E+03 353.38 3.24E+06 1.15E+04 335.37 1.09E+04 0.00E+00 0.1150 10 0.486 0.278 0.873 0.000

3.20 855 1.52
R6 P7 351.37 E+06 E+03 E+04 353.38 3.25E+06 7.18E+03 335.37 2.02E+06 0.00E+00 0.1810 10 0.420 0.747 0.345 0.000

278 583 7.47
R7 P8 351.37 E+06 E+03 E+03 353.38 2.38E+06 5.93E+03 335.37 1.52E+06 0.00E+00 0.1400 10 0.426 0.546 0.504 0.000

190 3.83 1.92
R8 S1 351.37 E+06 E+03 E+04 353.38 2.10E+06 5.39E+03 335.37 1.93E+06 4.00E+04 0.1650 10 0.348 1.743 0.440 3.745

3.34 239 123
R9 S2 351.37 E+06 E+03 E+04 353.38 3.59E+06 7.60E+03 335.37 3.85E+06 4.50E+04 0.2170 10 0.094 0.483 0.276 1.606
R 410 169 1.22
10 S3 351.37 E+06 E+03 E+04 353.38 3.75E+06 1.27E+04 335.37 5.76E+06  7.76E+04 0.2380 10 0.049 0.356 0.403 1.688
R 281 378 1.80
11 sS4 351.37 E+06 E+03 E+04 353.38 2.23E+06 9.91E+03 335.37 2.82E+06 4.32E+04 0.2250 10 0.170 0.810 0.559 2.030
R 1.60 421 641
12 S5 351.37 E+06 E+03 E+03 353.38 1.68E+06 7.67E+03 335.37 1.60E+06 3.41E+04 0.2490 10 0.301 0.458 0.519 2.552
R S6 351.37 288 267 5.38 353.38 3.29E+06 8.77E+03 335.37 2.94E+06 2.52E+04 0.1150 10 0.229 0.462 0.656 2.222




13 E+06 E+03 E+03
R 213 299 1.73
14 S7 351.37 E+06 E+03 E+04 353.38 2.11E+06 8.29E+03 335.37 2.24E+06 5.11E+04 0.1810 10 0.221 1.277 0.614 3.758
R 329 329 122
15 S8 351.37 E+06 E+03 E+04 353.38 3.13E+06 1.39E+04 335.37 3.27E+06 3.27E+04 0.1400 10 0.203 0.754 0.898 2.130
7.1.4 Nucleotides:
Table9: Endogenousytokinin nucleotidecontent ofChlorella vulgaris
Internal
MW 2H Trans MW 2H MW Weight | Stnd
# Name | ZNT ZNT | ZNT CisZNT| DZNT | DZNT DZNT| iPNT 2HIPNT | iPNT | (g fwt.) | (ng) TransZNT| CisZNT| DZNT| iPNT
2.07 1.66 4.69 9.63 0.00 548 831
NT1 P6 351.37 E+05 E+03 E+03 353.38 E+02 E+00 335.37 E+05 E+03 0.115 10 1.98 561 0.00 3.93
1.57 9.27 9.85 7.78 0.00 481 1.02
NT2 P7 351.37 E+05 E+02 E+03 353.38 E+02 E+00 335.37 E+05 E+04 0.181 10 0.93 9.86 0.00 3.49
2.08 1.39 5.10 6.64 0.00 6.11 1.05
NT3 P8 351.37 E+05 E+03 E+03 353.38 E+03 E+00 335.37 E+05 E+04 0.14 10 1.36 498 0.00 3.66
1.47 9.47 2.63 7.68 0.00 9.33 9.29
NT4 S5 351.37 E+04 E+02 E+04 353.38 E+02 E+00 335.37 E+03 E+04 0.249 10 7.36 20449 0.00 1192.37
251 3.96 7.74 1.10 0.00 1.34 5.61
NT5 S6 351.37 E+04 E+02 E+03 353.38 E+03 E+00 335.37 E+04 E+04 0.115 10 390 76.31 0.00 1085.52
2.56 9.44 2.97 1.39 0.00 1.85 1.18
NT6 S7 351.37 E+04 E+02 E+04 353.38 E+03 E+00 335.37 E+04 E+05 0.181 10 5.80 182.42 0.00 1050.77
7.1.5 Methylthiols:
Table10: Endogenous cytokinin methylthiobntent ofChlorellavulgaris
MW MW | 2H MW | 2H MW | 2H Tisue | Internal
MeS | 2H MeS | MeS MeS | MeS MeS | MeS | MeS | Weight | Stnd MeS
# Name | Z MeSZ| MeSZ| iP iP MeSiP| ZR | ZR | MeSzZR| iPA | iPA | iPA | (gfwt) | (ng) MeSZ | MeSiP | MeSZR| iPA
1.67 7.46 1.25 9.65 1.47 245 381 281 3.66
M1 P2 265 E+05 E+04 249 E+06 E+04 397 E+06 E+04 E+02 E+06 E+04 0.2170 10 77.68 14.29 1.93 1.58
152 5.69 9.31 8.99 1.44 249 381 230 3.02
M 2 P3 265 E+05 E+04 249 E+05 E+04 397 E+06 E+04 E+02 E+06 E+04 0.2380 10 59.35 16.29 1.83 1.45
1.08 448 6.33 5.57 1.00 156 381 153 248
M3 P4 265 E+05 E+04 249 E+05 E+04 397 E+06 E+04 E+02 E+06 E+04 0.2250 10 69.57 15.71 1.75 1.89
1.44 6.14 8.94 8.19 1.59 264 381 255 432
M4 P5 265 E+05 E+04 249 E+05 E+04 397 E+06 E+04 E+02 E+06 E+04 0.2490 10 64.62 14.78 1.68 1.79
136 281 9.11 3.53 1.41 149 381 206 255
M5 P 6 265 E+05 E+04 249 E+05 E+04 397 E+06 E+04 E+02 E+06 E+04 0.1150 10 67.80 13.53 231 2.83
1.62 6.58 9.67 1.01 1.56 178 381 225 272
M 6 P7 265 E+05 E+04 249 E+05 E+05 397 E+06 E+04 E+02 E+06 E+04 0.1810 10 84.68 23.17 1.59 1.75
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M7

M8

M9

M 10

M11

M 12

M 13

M 14

M 15

P8

S1

S2

S3

S4

S5

S6

S7

S8

265

265

265

265

265

265

265

265

265

9.60
E+04
1.16
E+05
1.49
E+05
1.82
E+05
1.27
E+05
7.23
E+04
9.87
E+04
9.39
E+04
1.96
E+05

2.49
E+04
1.75
E+06
3.59
E+06
3.84
E+06
2.97
E+06
1.40
E+06
7.13
E+05
2.22
E+06
9.78
E+05

249

249

249

249

249

249

249

249

249

4.30
E+05
5.62
E+05
9.20
E+05
9.55
E+05
6.15
E+05
3.23
E+05
5.62
E+05
5.90
E+05
8.01
E+05

2.74
E+04
5.60
E+05
9.81
E+05
8.34
E+05
6.56
E+05
4.13
E+05
6.64
E+05
7.24
E+05
8.04
E+05

397

397

397

397

397

397

397

397

397

1.08
E+06
7.22
E+05
1.05
E+06
1.18
E+06
9.20
E+05
5.65
E+05
6.41
E+05
6.68
E+05
1.13
E+06

8.99
E+03
1.25
E+05
1.06
E+05
1.47
E+05
1.22
E+05
3.59
E+04
2.37
E+04
1.05
E+05
8.61
E+04

3.81
E+02
3.81
E+02
3.81
E+02
3.81
E+02
3.81
E+02
3.81
E+02
3.81
E+02
3.81
E+02
3.81
E+02

1.48
E+06
8.91
E+05
1.60
E+06
1.82
E+06
1.13
E+06
5.89
E+05
6.00
E+05
9.93
E+05
1.62
E+06

2.58
E+04
8.66
E+04
8.56
E+04
1.08
E+05
8.91
E+04
3.67
E+04
2.79
E+04
9.58
E+04
1.18
E+05

0.1400

0.1650

0.2170

0.2380

0.2250

0.2490

0.1150

0.1810

0.1400

10

10

10

10

10

10

10

10

10

69.91

3450.25

4189.89

3345.31

3922.15

2934.57

2370.44

4929.05

1344.96

18.28

242.53

197.34

147.36

190.39

206.23

412.61

272.28

287.94

1.50

26.43

11.72

13.18

14.85

6.43

8.10

21.87

13.71

3.27

15.46

6.47

6.54

9.20

6.57

10.61

13.99

13.66
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7.2 Exogenous Hormone Study Raw Data:

7.2.1 Hormone AdditiorOD Values
Tale 11: Optical densities of MeSZ, tZ, BA, ABA and Control cultures across all concentrations

107 M 106 M 105 M

MeSZ tZ BA ABA  Control | MeSZ tZ BA ABA  Control | MeSZ tZ BA ABA  Control

da
1 g 0.831 0.758 0.816 0.769 0.815| 0.856 0.825 0.776 0.871 0.874 0.77 0.779 0.793 0.869 0.82
0.834 0.802 0.786 0.752 0.809| 0.77 0.826 0.754 0.762 0.803| 0.809 0.735 0.805 0.802 0.813
0.834 0.834 0.783 0.789 0.82| 0.89 0.817 0.827 0.873 0.875| 0.763 0.82 0.8 0.787 0.817

0.754 0.813 0.845 0.8 0.89 0.856 0.842 0.726 0.788 0.789 0.829 0.778
da
2 g 0.817 0.635 0.79 0.813 0.811| 0.97 0.87 0.997 0.822 0.927 | 0.831 0.849 0.853 0.911 0.754
0.84 0.863 0.891 0.861 0.845| 1.008 0.903 1.019 0.925 0.999 | 0.877 0.817 0.861 0.793 0.842
0.852 0.822 0.848 0.852 0.907 | 0.985 0.871 1.002 0.993 1.004 | 0.812 0.815 0.846 0.781 0.772

0.884 0.82 0.823 0.85 0.902 1.011 0.995 0.961 0.848 0.83 0.79 0.789
da
3 g 0.957 0.899 0.992 0.978 0.996 | 1.093 0.975 1.159 1.111 1.121| 0.978 1.015 1.028 1.069 0.926
0.899 0.947 1.008 0.984 0.946 | 1.114 0.986 1.134 1.067 1.123| 0.993 0.975 1.044 0.93 0.996
0.953 0.935 0.942 0.966 1.042| 1.109 1.001 1.133 1.145 1.103| 0.979 0.976 1.012 0.901 0.896

1.016 1.021 0.972 0.952 0.996 1.132 1.14 1.07 1.019 1.022 0.91 0.894

day
4 1.09 1 1.117 1.031 1.093| 124 1094 131 1.189 1.202 1.09 1.18 1.198 1.18 1.037
0.983 1.055 1.091 1.017 0.983| 1.268 1.069 1.286 1.137 1.219| 1.106 1.117 1.195 0.965 1.105
1.089 1.035 1.06 0.992 1.08 | 1.265 1.154 1.3 1232 1244 1.109 1.126 1.136 1.002 0.957
1.136 1.117 1.013 1.006 1.121 1.283 1.204 1.152 1.146 1.176 0.976 1.048

day

5 1.17 1.043 1.182 1.068 1.206 | 1.356 1.128 1.421 1.175 1.036| 1.091 1.248 1.182 1.25 1.036
0.985 1.132 1.117 1.026 0.953| 1.38 1.066 1.33 1.213 1.258 | 1.133 1.193 1.224 0.948 1.052
1.155 1.066 1.006 0.934 1.069| 1.379 1.187 1.311 1.221 1.294| 1.111 1.184 1.188 1.078 0.861
1.077 0.949 0.985 1.076 1.241 1.355 1.066 1.287 1.15 1.215 0.946 1.051

da
6 g 1.196 1.089 1.192 1.025 1.182| 1.439 1.181 1.552 1.268 1.363| 1.094 1.305 1.285 1.408 1.066
0.92 1.203 1.117 1.071 1.035| 1.486 1.045 1.498 1.289 1.338 1.01 1.316 1.281 1.104 1.106
1.217 1.062 1.101 1.005 1.129 | 1.448 1.267 1.479 1.378 1.332| 1.118 1.269 1.297 1.085 0.971

1.165 1.063 1.007 1.126 1.307 1.435 1.202 1.219 1.264 1.316 1.042 1.073

da
7y 1.384 1.233 1.352 1.269 1.417 1.217 1.445 1.489 1.16 1.483 1.455 1.469 1.178
0.884 1.317 1.307 1.133 1.032 1.078 1.424 1484 | 1.103 1.412 1.406 1.095 1.299
1.313 1.148 1.198 1.006 1.308 1.375 1.474 1.458 | 1.213 1358 141 1.16 0.995
1.3 1.159 1.083 1.085 1.393 1.259 1.208 1.42 1.487 1.005 1.255

da
8y 1572 1.429 1451 1.454 1.593 1.297 1.562 1.588| 1.391 1.483 1.455 1.469 1.438
0.967 1.499 1.453 1.277 1.058 1.122 1.55 1.614 1.19 1512 1599 1.132 1.525
1.353 1.301 1.354 1.103 1.494 1.497 1.596 1.631| 1.452 1.497 1568 1.356 1.221
1.418 1.342 1.199 1.244 1.565 1.422 1.442 1.546 1.487 1.241 1.41

da
9y 1572 1.612 1451 1.454 1.593 1.531 1.562 1.601 1.469 1.438
1.251 1.499 1453 1.47 1.472 1.35 1.55 1.574 1.335 1.525
1.649 1.458 1512 1.387 1.494 1.497 1.596 1.452 1.475 1.366
1.621 1.513 1412 1.525 1.565 1.599 1.309 1.542

day
10 | 1.572 1.454 1.531 1.469 1.438
1.525 1.47 1.492 1.519 1.525
1.649 1.518 1.497 1.475 151

1.576 1.565 1.524 1.542




7.2.2Lipid SampleWeights:
Tablel12 Algae pellet dry weiglity and lipid sample weight/g calculations

AlgaePellet Dry Weight/ g Lipid Tube /g Tubes + Lipid Lipid Sample/ g
C51 0.542 11.4764 11.5057 0.0293
52 0.562 11.3442 11.3542 0.01
53 0.613 11.3781 11.3865 0.0084
54 0.487 11.431 11.4378 0.0068
61 0.697 11.4872 11.4953 0.0081
62 0.689 11.455 11.4657 0.0107
63 0.685 11.4503 11.4575 0.0072
64 0.63 11.3448 11.3581 0.0133
71 0.648 11.5408 11.547 0.0062
72 0.61 11.5749 11.5866 0.0117
73 0.612 11.4766 11.4839 0.0073
74 0.624 11.3903 11.405 0.0147
BA 51 0.577 11.6392 11.6512 0.012
52 0.646 11.6507 11.6623 0.0116
53 0.638 11.5488 11.5605 0.0117
54 0.614 11.677 11.6945 0.0175
61 0.443 11.5808 11.5912 0.0104
62 0.61 11.7023 11.7143 0.012
63 0.597 11.4069 11.4196 0.0127
64 0.612 11.5398 11.5474 0.0076
71 0.55 11.59 11.601 0.011
72 0.578 11.394 11.4034 0.0094
73 0.58 11.6209 11.6298 0.0089
74 0.578 11.4991 11.506 0.0069
ABA 51 0.593 11.4579 11.4647 0.0068
52 0.678 11.4935 11.5039 0.0104
53 0.628 11.4899 11.4961 0.0062
54 0.611 11.3279 11.3341 0.0062
61 0.68 11.3953 11.3984 0.0031
62 0.64 11.5555 11.561 0.0055
63 0.683 11.4363 11.4443 0.008
64 0.689 11.5385 11.5454 0.0069
71 0.595 11.5503 11.5552 0.0049
72 0.62 11.511 11.5146 0.0036
73 0.615 11.4416 11.463 0.0214
74 0.653 11.3764 11.3837 0.0073
tz 51 0.574 11.4534 11.4613 0.0079
52 0.588 11.4865 11.4981 0.0116
53 0.611 11.5129 11.5207 0.0078
54 0.649 11.4369 11.4435 0.0066
61 0.646 11.4724 11.4778 0.0054
62 0.663 11.7141 11.7196 0.0055
63 0.654 11.71 11.7175 0.0075
64 0.663 11.3966 11.4028 0.0062
71 0.662 11.5222 11.5275 0.0053
72 0.614 11.5349 11.5403 0.0054
73 0.632 11.4574 11.4632 0.0058
74 0.674 11.5234 11.5304 0.007
MeSz 51 0.641 11.5254 11.5314 0.006
52 0.655 11.6245 11.6297 0.0052
53 0.638 11.5351 11.5409 0.0058
61 0.589 11.4932 11.5035 0.0103
62 0.614 11.5042 11.5108 0.0066
63 0.616 11.4459 11.454 0.0081
71 0.634 11.6364 11.6433 0.0069
72 0.635 11.6229 11.6299 0.007
73 0.69 11.4876 11.4922 0.0046




7.2.3FAME Sample Weights:
Table13: FAME sampleweight/g calculations

Tubes Tubes + FAME/ g FAME/ g
Ch1 2.4835 25104 0.0269
C 52 2.4814 2.4935 0.0121
C53 2.5237 2.5355 0.0118
C54 2.4737 2.4843 0.0106
c61 2.4896 2.4993 0.0097
C 62 2.4834 2.4949 0.0115
C 63 2.4899 2.5013 0.0114
64 2.4924 2.5037 0.0113
71 2.5005 2.508 0.0075
72 2.4831 2.495 0.0119
73 2.4827 2.4919 0.0092
74 2.5009 2.5128 0.0119
BA 51 2.4849 2.4953 0.0104
52 2.4835 2.4942 0.0107
53 2.4854 2.4962 0.0108
54 2.49 2.5032 0.0132
61 2.4901 2.4969 0.0068
62 2.489 2.5004 0.0114
63 2.4845 2.4962 0.0117
64 24744 2.4818 0.0074
71 2.493 2.5032 0.0102
72 2.4737 2.4838 0.0101
73 2.5233 2.5326 0.0093
74 2.473 2.4812 0.0082
ABA 51 2.4819 2.4901 0.0082
52 2.4819 2.4907 0.0088
53 2.4848 2.4925 0.0077
54 2.482 2.4901 0.0081
61 2.4809 2.4863 0.0054
62 2.5017 2.5089 0.0072
63 2.4832 2.4918 0.0086
64 2.5013 2.5086 0.0073
71 2.524 2.531 0.007
72 2.4896 2.4953 0.0057
73 2.5236 2.5419 0.0183
74 2.5008 2.5096 0.0088
tZ 51 2.523 2.5317 0.0087
52 2.4828 2.4937 0.0109
53 2.4845 2.4931 0.0086
54 2.4852 2.4939 0.0087
61 24744 2.4816 0.0072
62 2.5246 2.5322 0.0076
63 2.4835 2.4927 0.0092
64 2.5236 25311 0.0075
71 2.4892 2.4964 0.0072
72 2.4823 2.4896 0.0073
73 2.4824 2.4898 0.0074
74 2.4884 2.4967 0.0083
MeSZ 51 2.4918 2.4992 0.0074
52 2.4814 2.4886 0.0072
53 2.4817 2.4886 0.0069
61 2.4835 2.492 0.0085
62 2.4847 2.4914 0.0067
63 2.5232 2.5304 0.0072
71 2.5241 2.531 0.0069
72 2.5021 2.5086 0.0065
73 2.4843 2.4893 0.005

87



7.2.4 FAME Profile
Tablel14: Peak to mass conversion of FAME's (samples in 500ul, injection volume 1pl)

88

Palmitic Stearic Oleic Linoleic Linolenic Heptadecanoic
Peak Peak Peak Peak Peak Peak m

Area  m (mg) Area  m (mg) Area  m (mg) Area  m (mg) Area m (mg) Area (mg)
Cb51| 50238 0.628504 8965 0.1097171 13762 0.089802 11924 0.325365 2228 0.035197 128819 1.78
52 | 43605 0.548957 8212 0.1007774 37936 0.428117 37916 0.649901 5606 0.10704 92313  1.27
53 | 41421 0.522765 6000 0.0745164 27764 0.28576 27892 0.524741 1045 0.010036 76180  1.05
54 | 55032 0.685997 6930 0.0855574 48037 0.56948 53851 0.848866 1774 0.025541 111444 154
61 | 52583 0.656627 8143 0.0999582 41556 0.478779 45181 0.740612 1765 0.025349 105671  1.46
62 | 60407 0.750457 10809 0.1316092 46010 0.541112 54983 0.863 3036 0.052381 125642 1.73
63 | 36769 0.466976 6549 0.0810341 36461 0.407474 29919 0.55005 1332 0.01614 82256  1.13
64 | 31594 0.404914 6194 0.0768195 23033 0.219549 30395 0.555994 4194 0.07701 71299 0.98
72 | 58330 0.725549 10085 0.1230138 55761 0.677578 62011 0.950751 2156 0.033665 106718  1.47
73 | 25809 0.335536 3680 0.0469731 20388 0.182533 15569 0.370876 1020 0.009505 58714  0.80
74 | 46821 0.587525 7179 0.0885136 49052 0.583685 44708 0.734706 1522 0.020181 99290 1.37
BA 71| 58605 0.728846 10085 0.1230138 51564 0.618841 50763 0.810309 1853 0.027221 147046  2.03
72 | 64040 0.794026 9973 0.1216842 36975 0.414668 21166 0.44076 1822 0.026562 180489  2.49
73 | 59943 0.744893 8560 0.1049089 57245 0.698346 53037 0.838702 1482 0.019331 163179 2.25
74 | 64364 0.797912 8795 0.1076988 65162 0.809145 23595 0.471089 1575 0.021309 174666  2.41
61 | 80697 0.993788 12553 0.1523142 68753 0.859401 99206 1.415168 4117 0.075372 180601  2.50
62 | 90021 1.105607 13969 0.169125 80072 1.01781 89227 1.29057 3258 0.057103 199824 2.76
63 | 45183 0.567881 9795 0.1195709 36546 0.408664 55256 0.866408 2760 0.046511 138949  1.92
64 | 31185 0.400009 6854 0.0846551 25736 0.257378 22024 0.451473 1338 0.016268 100610  1.39
51 | 29944 0.385126 6482 0.0802387 19570 0.171085 29626 0.546392 1742 0.02486 100792  1.39
52 | 46737 0.586518 8006 0.0983318 46241 0.544345 51418 0.818487 1302 0.015502 157032 2.17
53 | 30822 0.395655 7251 0.0893683 30336 0.321755 33375 0.593202 1212 0.013588 97944 1.35
54 | 31350 0.401988 5744 0.0714771 27004 0.275124 29502 0.544844 2784 0.047022 89903 1.24
ABAG61 | 17653 0.237725 4681 0.0588571 12071 0.066136 2980 0.21369 1262 0.014652 126062 1.74
62 | 30248 0.388772 6834 0.0844177 27679 0.28457 21501 0.444943 1483 0.019352 124329 1.71
63 | 35025 0.44606 8928 0.1092778 22496 0.212034 15884 0.374809 3016 0.051956 166967  2.31
64 | 56480 0.703362 11254 0.1368923 42700 0.494789 22191 0.453559 2538 0.04179 215558 2.98
51 | 38359 0.486044 4268 0.0539539 27939 0.288209 24620 0.483887 1634 0.022563 165797  2.29
52 | 46814 0.587441 10432 0.1271335 25256 0.25066 29153 0.540486 1988 0.030092 179503 2.48
53 | 50717 0.634249 9370 0.1145253 38124 0.430748 35845 0.624042 1406 0.017714 172370 2.38
54 | 47934 0.600873 6545 0.0809866 41700 0.480794 40678 0.684387 1270 0.014822 130112 1.79
tZ 71| 24234 0.316648 7054 0.0870295 21019 0.191364 17383 0.393526 1858 0.027327 129297 1.78
72 | 26924 0.348908 8099 0.0994359 26328 0.265663 20929 0.437801 2064 0.031709 113180 1.56
73 | 53130 0.663187 11469 0.1394448 62717 0.774927 44760 0.735355 4218 0.07752 191162 2.64
74 | 20191 0.268162 5408 0.0674881 27952 0.288391 20755 0.435629 2703 0.045299 82859 1.14
61 | 15084 0.206915 2878 0.0374517 12587 0.073358 11482 0.319846 798 0.004783 44747 0.61
62 | 25543 0.332346 4742 0.0595813 22164 0.207388 14024 0.351585 886 0.006655 75373 1.04
63 | 30766 0.394984 6723 0.0830999 31585 0.339235 27446 0.519173 1497 0.01965 71874  0.99
64 | 23554 0.308493 7139 0.0880387 23694 0.2288 17517 0.395199 1598 0.021798 101723 1.40
MeSZ 71| 17314 0.233659 3837  0.048837 22947 0.218346 11897 0.325028 2815 0.047681 79452 1.09
72 | 20398 0.270644 3970 0.050416 19190 0.165767 10610 0.308958 3732 0.067184 81031 1.11
73 | 15789 0.21537 3630 0.0463795 15697 0.116882 8826 0.286683 2673 0.044661 103008 1.42
61 | 25750 0.334829 4852 0.0608872 17988 0.148945 25230 0.491504 5805 0.111273 112614  1.55
62 | 25048 0.32641 4886 0.0612909 20478 0.183792 22445 0.45673 6505 0.12616 109651  1.51
63 | 25400 0.330631 6511 0.080583 16740 0.131479 17647 0.396822 8448 0.167484 106265 1.46
51 | 25359 0.33014 6996 0.086341 24198 0.235854 23059 0.464396 1406 0.017714 99969  1.38
52 | 26651 0.345634 6054 0.0751575 23845 0.230913 22910 0.462536 1232 0.014014 137774  1.90
53 | 18515 0.248062 4660 0.0586078 21842 0.202881 10700 0.310082 680 0.002274 90113 1.24
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7.3Nuclear MagneticResonance (NMR)

3C-NMR was conducted ora Varian spectrometer (Varian Inc., USA) using labelled
chloroform as the solvent and data was collected on a Biosystem Mariner high resolution
electronspray spectrometer (PerSeptive Biosystems Inc., USA). TMS was used as an internal
standard0.0 PPM) Figure 21shows a spectrum collected from a random lipid sample before
transesterification, showing the intact bonds of mpde, and triacylglycerol$3.6-5.6 PPM)
Other peaks are most likely pigment lipids such as carotefigidre 22shows the spectrum of a
random FAME sample after transesterificati@howing the absence of glycerol meaning
transesterification was successfiatty acid methyl esters (6880 PPM) and a peak suspected to
be a long chain alkane (2124 PPM) This wasconfirmed by TLC (se&igure 23.
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Figure 21 Lipid NMR spectrum
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Figure 22 FAME NMR spectrum

7.4Thin Layer Chromatography (TLC):
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freq. of 0 ppm: 499.657360 MHz
processed size: 32768 complex points
LB: 0.000 GF: 0.0000

Hz/cm: 154.673 ppm/cm: 0.30956

A TLC was conducted on the FAME NMR sample udexane and ey acetate as the
solvents to confirm the presence of a long chain alkane. Four ratios of hexane to ethyl acetate
were usedrom left to right in Figure 235:1, 1:0, 20:1 and 40:1. Plate 3 indicated the presence
of free fatty acids and fatty acid methyters, while plate 1, 3 and 4 revealed the presence of a

long chain alkane compound.
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Figure 23 TLC of FAME sample

7.5ANOVA Statistical Reports:

For simplicity only ANOVA Reports which indicated significance from the control have
been included.
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hmx Wty Amalysis of Vartancr Tucilsy, Sepesder 15, 115, 1501 37 PM
Dhata souree: Shopes Hosmnees 1008
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Oue Way Analysiz of Varianee Tuesdav, September 15, 2015, 1:14:10 PR
Dhata source: Slopes Hormones 10-3

CGroup Name N ALizzins Alean Std Dhev SEM

Control 12 1] 0.0808 0.0163 0.00470

BA 10-5 4 0 0.106 0.0116 0.00580

ABA 10-5 4 0 00753 000740 Q00370

t£ 10-5 4 0 0.107 0.00920 Q00460

MeSZ 10-5 3 0 00814 00180 00104

Source of Variation DF 55 M5 F F
Between Groups 4 0.0040%  0.00102 5127 0005
Fesidual 22 000435 0.000199

Total 26 0.00848

The &ifferences in the mean values among the treatment groups are greater than would be expected by
chance; there 1= 3 statistically mgmficant difference (F=0.003).

Power of performed test with alpha = 0.030: 0.852

All Paprwnse Multple Companson Procedures (Thincan's Methed) -

Comparnsons for factor

C ommparizon Dnff of Aleanz: p ) P P=0), 050
Row 4+vs. Row 3 0.0314 3 4447 0.00% Yas
Fow 4 vs. Fow 1 0.0259 4 4453 0.007 Yes
Row 4+vs. Row 5 0.0253 3 3318 0.036 Yas
Fow 4 vs. Row 2 0.000700 2 009931 0545 Mo
Row 2 vs. Row 3 0.0307 4 4348 0.00% Yas
Fow 2 vs. Row 1 0.0252 3 4371 0.007 Vas
Row 2 vs. Row 5 0.0246 2 332 0.033 Yas
Row 5 vs. Row 3 0.00610 3 0200 0.600 Mo
Row 5 vs. Row 1 0.000600 2 00931 0%E DoNot Test
Eow 1 vs. Row 3 0.00550 2 0534 0507 Do Mot Test

A result of "Dho Mot Test” ocows for a companson when no sizmficant difference 15 found between tero
means that enclose that companson. For example, 1f vou had four mweans sorted m order, and found no
difference between means 4 vs. 2, then vou would nottest 4 ws. 3 and 3 vs. 2, but shll test 4 ws. | and 3 vs. 1
(4ws. 3 and 3 vs. 2 are enclosed bv 4 ws. 2: 4 3 2 1), Note that not testing the enclosed means 1= a



One Wayv Analysis of Variance Friday, August 28, 2015, 1:18:53 PM
Data source: Hormone Treatment Day 2

Group Name N Missing  Mean  Std Dev SEM

Control 12 Q 0.872 0.0829 0.0239

BA 10-7 4 (1] 0.837 0.0372 0.0186

Ba 10-6 4 Q 1.007 0.00844 0.00422

BA 10-5 4 0 0,848 0.0114 0.00571

ABA 10-7 4 Q 0.837 0.0198 0.00991

ABA 10-6 4 0 0934 0.0704 0.0352

ABA 10-5 4 1] 0.819 0.0534 0.0267

tZ 10-7 4 0 0.801 0.0984 0.0492

tZ 10-6 4 1] 0.886 0.0160 0.00800

tZ 10-5 4 1] 0.832 0.0163 0.00813
MeSZ 10-7 3 1] 0.836 0.0145 0.00838
MeSZ 10-6 3 Q 0.988 0.0156 0.00902
MeSZ 10-5 3 1] 0.840 0.0273 0.0158
Source of Variation DF 55 AS F P
Between Groups 12 0.186 0.0155 4950 =0.001
Residual 44 0.138 0.00313

Total 56 0.324

The differences 1n the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 0.996

All Pairwise Multiple Comparison Procedures (Duncan's Method) :

Compansons for factor:

Comparison Diff of Means p q P P=<0.050

Row 3 vs. Row § 0.206 13 7.369 =0.001 Yes
Row 3 vs. Row 7 0.189 12 6.734 =0.001 Yes
Row 3 vs. Row 10 0.175 11 6.252 =0.001 Yes
Row 3vs. Row 11 0.171 10 5.653 =0.001 Yes
Row 3 vs. Row 2 0.170 9 6.074 <0.001 Yes
Row 3 vs. Row 5 0.170 3 6.074 =0.001 Yes
Row 3 vs. Row 13 0.167 7 5532 <0.001 Yes
Row 3 vs. Row 4 0.160 6 5707 =0.001 Yes
Row 3 vs. Row 1 0.135 5 5.929 <0.001 Yes
Row 3 vs. Row 9 0.121 4 4314 0.007 Yes
Row 3 vs, Row 6 0.0735 3 2.626 0.085 No
Row 3 vs. Row 12 0.0196 2 0.648 0.649 Do Not Test
Row 12 vs. Row 8 0.187 12 6.174 =0.001 Yes
Row 12 vs. Row 7 0.169 11 5.587 0.001 Yes
Row 12 vs, Row 10 0.155 10 5141 0.003 Yes
Row 12 vs. Row 11 0.151 9 4682 0.006 Yes
Row 12 vs. Row 2 0.150 8 4975 0.003 Yes
Row 12 vs. Row 5 0.150 7 4975 0.003 Yes
Row 12 vs, Row 13 0.148 6 4569 0.005 Yes
Row 12 vs. Row 4 0.140 5  4.636 0.004 Yes
Row 12 vs. Row 1 0.116 + 4537 0.004 Yes



Row 12 vs Row 9
Row 12 vs. Row 6
Row 6 vs. Row §
Row 6 vs. Row 7
Row 6 vs. Row 10
Row 6 vs. Row 11
Row 6 vs. Row 2
Row 6 vs. Row 5
Row 6 vs. Row 13
Row 6 vs. Row 4
Row 6 vs. Row 1
Row 6 vs. Row 9
Row 9 vs. Row §
Row 9 vs. Row 7
Row 9 vs. Row 10
Row 9 vs. Row 11
Row 9 vs. Row 2
Row 9 vs. Row 5
Row 9 vs. Row 13
Row 9 vs. Row 4
Row 9 vs. Row 1
Row 1 vs. Row 8
Row 1 vs. Row 7
Row 1 vs. Row 10
Row 1 vs. Row 11
Row 1 vs. Row 2
Row 1 vs. Row 5
Row 1 vs. Row 13
Row 1 vs. Row 4
Row 4 vs. Row §
Row 4 vs. Row 7
Row 4 vs. Row 10
Row 4 vs. Row 11
Row 4 vs. Row 2
Row 4 vs. Row 5
Row 4 vs. Row 13
Row 13 vs. Row §
Row 13 vs. Row 7
Row 13 vs. Row 10
Row 13 vs. Row 11
Row 13 vs. Row 2
Row 13 vs. Row 5
Row 5 vs. Row §
Row 5 vs. Row 7
Row 5 vs. Row 10
Row 5 vs. Row 11
Row 5 vs. Row 2
Row 2 vs. Row 8
Row 2 vs. Row 7
Row 2 vs. Row 10
Row 2 vs. Row 11
Row 11 vs. Row 8
Row 11 vs. Row 7
Row 11 vs. Row 10
Row 10 vs. Row 8§
Row 10 vs. Row 7

0.101
0.0539
0.133
0.115
0.101
0.0974
0.0965
0.0965
0.0938
0.0862
0.0620
0.0473
0.0855
0.0677
0.0542
0.0502
0.0492
0.0492
0.0465
0.0390
0.0147
0.0707
0.0530
0.0395
0.0354
0.0345
0.0345
0.0318
0.0242
0.0465
0.0288
0.0152
0.0112
0.0102
0.0102
0.00750
0.0390
0.0212
0.00775
0.00367
0.00275
0.00275
0.0363
0.0185
0.00500
0.000917
0.000
0.0363
0.0185
0.00500
0.000917
0.0353
0.0176
0.00408
0.0313
0.0135

o
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3.346
1.783
4743
4.109
3626
3222
3448
3448
3101
3.081
2713
1.688
3.055
2420
1.938
1.659
1.760
1.760
1.538
1.393
0.645
3.096
2319
1.728
1.386
1.510
1.510
1.243
1.061
1.661
1.027
0.545
0.369
0.366
0.366
0.248
1.290
0.703
0.256
0.113
0.0910
0.0910
1.295
0.661
0.179
0.0303
0.000
1.295
0.661
0.179
0.0303
1.169
0.582
0.135
1.116
0482

0.029
0.214
0.006
0.016
0.032
0.055
0.038
0.036
0.055
0.051
0.076
0.239
0.074
0.154
0.249
0.319
0.285
0.276
0.330
0.360
0.650
0.068
0.168
0.299
0.399
0.351
0.339
0.414
0.457
0.323
0.538
0.742
0.822
0.817
0.810
0.862
0.439
0.670
0.877
0.945
0.953
0.949
0.431
0.683
0913
0.985
1.000
0.423
0.676
0.907
0.983
0.459
0.702
0.924
0.463
0.735

Yes

Do Not Test
Yes

Yes

Yes

No

Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
No

Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
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Row 7 vs. Row 8 0.0177 2 0.634 0.656 Do Not Test

A result of "Do Not Test" occurs for a comparison when no significant difference 1s found between two
means that enclose that comparison. For example. if you had four means sorted 1n order. and found no
difference between means 4 vs. 2. then you would not test 4 vs. 3 and 3 vs. 2. but still test 4 vs. 1 and 3 vs. 1
(4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1). Note that not testing the enclosed means 1s a
procedural rule, and a result of Do Not Test should be treated as if there 1s no significant difference between
the means, even though one may appear to exist.



One Way Analysis of Variance Friday. August 28, 2015, 1:33:21 PI
Data source: Hormone Treatment Day 4

Group Name N AMissing  Mean  Std Dev SEM

Control 12 0 1.094 0.0965 0.0279

BA 10-7 4 0 1.096 0.0235 0.0117

BA 10-6 4 0 1.295 0.0109 0.00545

BA 10-5 4 0 1.176 0.0247 0.0124

ABA 10-7 4 0 1.013 0.0140 0.00699
ABA 10-6 4 0 1.190 0.0345 0.0173

ABA 10-5 4 0 1.031 0.0872 0.0436

tZ 10-7 4 0 1.057 0.0499 0.0250

tZ 10-6 4 0 1.109 0.0316 0.0158

tZ 10-5 4 0 1.142 0.0242 0.0121

MeSZ 10-7 3 0 1.054 0.0502 0.0290

MeSZ 10-6 3 0 1.258 0.0126 0.00725
MeSZ 10-5 3 0 1.102 0.00834 0.00482
Source of Variation DF 55 AIS F P
Between Groups 12 0.332 0.0277 8.062 <0.001
Residual 44 0.151 0.00343

Total 56 0.483

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there 1s a statistically sigmificant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Duncan's Method) :

Comparnisons for factor:

Comparison Diff of Means P q P P<0.050
Row 3 vs. Row 5 0.282 13 9.610 <0.001 Yes
Row 3 vs. Row 7 0.264 12 9.013 =0.001 Yes
Row 3 vs. Row 11 0.241 11 7.609 <0.001 Yes
Row 3 vs. Row 8 0.238 10 8.133 <0.001 Yes
Row 3 vs. Row 1 0.201 9  §400 <0.001 Yes
Row 3 vs. Row 2 0.199 8 6776 <0.001 Yes
Row 3 vs. Row 13 0.193 7 6103 <0.001 Yes
Row 3 vs. Row 9 0.185 6 6324 <0.001 Yes
Row 3 vs. Row 10 0.153 5 5206 0.001 Yes
Row 3 vs. Row 4 0.119 4 4045 0.011 Yes
Row 3 vs. Row 6 0.104 3 3.559 0.020 Yes
Row 3 vs. Row 12 0.0371 2 1.172 0412 No
Row 12 vs. Row 5 0244 12 71.725 =0.001 Yes
Row 12 vs. Row 7 0227 11 7.172 =0.001 Yes
Row 12 vs. Row 11 0.204 10 6.021 <0.001 Yes
Row 12 vs. Row 8 0.201 9 6358 <0.001 Yes
Row 12 vs. Row 1 0.164 8 6127 <0.001 Yes
Row 12 vs. Row 2 0.161 7 5102 0.002 Yes
Row 12 vs. Row 13 0.156 6 4612 0.005 Yes
Row 12 vs. Row 9 0.148 5 4683 0.004 Yes
Row 12 vs. Row 10 0.115 4 30648 0.021 Yes



Row 12 vs,
Row 12 vs.

Row 4
Row 6

Row 6 vs. Row 5
Row 6 vs. Row 7
Row 6 vs. Row 11
Row 6 vs. Row 8
Row 6 vs. Row 1
Row 6 vs. Row 2
Row 6 vs. Row 13
Row 6 vs. Row 9
Row 6 vs. Row 10
Row 6 vs. Row 4
Row 4 vs. Row 5
FRow 4 vs. Row 7
Row 4 vs. Row 11
Row 4 vs. Row 8
Row 4 vs. Row 1
Row 4 vs. Row 2
Row 4 vs. Row 13
Row 4 vs. Row 9

Row 4 vs. Row 10

Row 10 vs,
Row 10 vs,
Row 10 vs,
Row 10 vs.
Row 10 vs,
Row 10 vs.
Row 10 vs,
Row 10 vs.

Row 5
Row 7
Row 11
Row 8
Row 1
Row 2
Row 13
Row 9

Row 9 vs. Row 5
Row 9 vs. Row 7
Row 9 vs. Row 11
Row 9 vs. Row 8
Row 9 vs. Row 1
Row 9 vs. Row 2
Row 9 vs. Row 13

Row 13 vs.
Row 13 vs,
Row 13 vs.
Row 13 vs,
Row 13 vs.
Row 13 vs,

Row 5
Row 7
Row 11
Row §
Row 1
Row 2

Row 2 vs. Row 5
Row 2 vs. Row 7
Row 2 vs. Row 11
Row 2 vs. Row 8
Row 2 vs. Row 1
Row 1 vs. Row 5
Row 1 vs. Row 7
Row 1 vs. Row 11
Fow 1 vs. Row 8
Row 8 vs. Row 5
Row 8 vs. Row 7
Row 8 vs. Row 11

Row 11 vs.
Row 11 vs.

Row 5
Row 7

0.0814
0.0672
0.177
0.160
0.136
0.134
0.0967
0.0942
0.0888
0.0810
0.0482
0.0142
0.163
0.145
0.122
0.120
0.0824
0.0800
0.0746
0.0668
0.0340
0.129
0.111
0.0882
0.0857
0.0484
0.0460
0.0406
0.0328
0.0962
0.0787
0.0555
0.0530
0.0157
0.0132
0.00783
0.0884
0.0709
0.0477
0.0452
0.00783
0.00542
0.0830
0.0655
0.0422
0.0397
0.00242
0.0806
0.0631
0.0398
0.0373
0.0433
0.0257
0.00250
0.0408
0.0232

e
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2.573
2123
6.051
5454
4314
4575
4.042
3.218
2.808
2.765
1.647
0.486
5.565
4.967
3864
4.088
3.446
2.731
2.357
2.279
1.161
4.404
3.806
2,789
2927
2.024
1.570
1.283
1.118
3.286
2.688
1.754
1.809
0.655
0.452
0.248
2.794
2241
1.409
1.428
0.293
0171
2833
2.236
1.335
1.357
0.101
3369
2.638
1.490
1.561
1.476
0.879
0.0790
1.288
0.735

0.092
0.141

=0.001

0.001
0.011
0.006
0.015
0.050
0.082
0.080
0279
0.733
0.001
0.003
0.021
0.014
0.036
0.091
0.135
0.135
0.416
0.009
0.023
0.094
0.075
0.210
0.320
0.399
0.434
0.051
0.106
0.286
0.263
0678
0.766
0.862
0.093
0173
0.384
0.366
0.847
0.904
0.084
0.166
0.398
0.372
0.943
0.037
0.095
0328
0.276
0.350
0.563
0.956
0.397
0.606

No

Do Not Test
Yes

Yes

Yes

Yes

Yes

Yes

No

Do Not Test
Do Not Test
Do Not Test
Yes

Yes

Yes

Yes

Yes

No

Do Not Test
Do Not Test
Do Not Test
Yes

Yes

No

Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
No

Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
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Row 7 vs. Row 5 0.0175 2 0597 0.675 Do Not Test

A result of "Do Not Test" occurs for a comparison when no significant difference 1s found between two
means that enclose that comparison. For example. if you had four means sorted 1n order. and found no
difference between means 4 vs. 2. then you would not test 4 vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 1
(4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1). Note that not testing the enclosed means 1s a
procedural rule, and a result of Do Not Test should be treated as if there 1s no significant difference between
the means. even though one may appear to exist.



100

One Way Analysis of Variance Friday. August 28, 2015, 1:36:36 PM
Data source: Hormone Treatment Day 6

Group Name N Missing  Mean  Std Dev SEM

Control 12 0 1.162 0,122 0.0353

BA 10-7 4 0 1.118 0.0469 0.0234

BA 10-6 4 0 1.491 0.0420 0.0210

BA 10-5 4 0 1.295 0.0136 0.00680
ABA 10-7 4 0 1.027 0.0266 0.0133

ABA 10-6 4 0 1.284 0.0629 0.0315

ABA 10-5 4 0 1.160 0.145 0.0725

tZ 10-7 4 0 1.130 0.0567 0.0283

tZ 10-6 4 0 1.200 0.100 0.0502

tZ 10-5 4 0 1.289 0.0224 0.0112

MeSZ 10-7 3 0 1.111 0.135 0.0781

MeSZ 10-6 3 0 1.458 0.0204 0.0118

MeSZ 10-5 3 0 1.074 0.0463 0.0267
Source of Variation DF S8 MS F P
Between Groups 12 0.892 0.0743 9704  <0.001
Residual 44 0.337 0.00766

Total 36 1.229

The differences in the mean values among the treatment groups are greater than would be expected by
chance: there is a statistically significant difference (P =<0.001),

Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Duncan's Method) .

Comparisons for factor:

Comparison Diff of Means [ q P P=0.050

Row 3 vs. Row 5 0.464 13 10.604 =<0.001 Yes
Row 3 vs. Row 13 0417 12 §.823 <0.001 Yes
Row 3 vs. Row 11 0.380 11 8.040 <0.001 Yes
Row 3 vs. Row 2 0.373 10 §.519 <0.001 Yes
Row 3 vs. Row 8 0.361 9 8.256 <0.001 Yes
Row 3 vs. Row 7 0.331 8 7.570 <0.001 Yes
Row 3 vs. Row 1 0.329 7 9.218 <0.001 Yes
Row 3 vs, Row 9 0.291 6 6.650 <0.001 Yes
Row 3 vs. Row 6 0.207 5 4.725 0.004 Yes
Row 3 vs. Row 10 0.203 4 4.628 0.004 Yes
Row 3 vs. Row 4 0.196 3 4.485 0.004 Yes
Row 3 vs. Row 12 0.0333 2 0.705 0.621 No
Row 12 vs. Row 5 0.431 12 9.112 =<0.001 Yes
Row 12 vs. Row 13 0.384 11 7.593 <0.001 Yes
Row 12 vs. Row 11 0.347 10 6.861 =<0.001 Yes
Row 12 vs. Row 2 0.339 9 7.182 <0.001 Yes
Row 12 vs. Row 8 0.328 8 6.938 <0.001 Yes
Row 12 vs. Row 7 0.298 7 6.303 <0.001 Yes
Row 12 vs. Row 1 0.296 6 T.410 <0.001 Yes
Row 12 vs. Row 9 0.258 5 5.452 <0.001 Yes
Row 12 vs, Row 6 0.173 4 3.669 0.020 Yes
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Row 12 vs. Row 10 0.169 3 3.579 0.020 Yes
Row 12 vs. Row 4 0.163 2 3.447 0.019 Yes
Row 4 vs, Row 5 0.268 11 6.119 <0.001 Yes
Row 4 vs, Row 13 0.221 10 4.671 0.006 Yes
Row 4 vs. Row 11 0.184 9 3.888 0.022 Yes
Row 4 vs. Row 2 0.177 8 4.034 0.016 Yes
Row 4 vs, Row 8 0.165 7 3.771 0.023 Yes
Row 4 vs. Row 7 0.135 6 3.085 0.060 No
Row 4 vs. Row 1 0.133 5 3.725 0.021 Do Not Test
Row 4 vs. Row 9 0.0948 4 2.165 0.170 Do Not Test
Row 4 vs, Row 6 0.0105 3 0.240 0.875 Do Not Test
Row 4 vs, Row 10 0.00625 2 0.143 0.920 Do Not Test
Row 10 vs. Row 5§ 0.262 10 5.976 =0.001 Yes
Row 10 vs. Row 13 0.214 9 4.538 0.007 Yes
Row 10 vs. Row 11 0.177 8 3.756 0.025 Yes
Row 10 vs, Row 2 0.170 7 3.891 0.019 Yes
Row 10 vs, Row & 0.159 6 3.628 0.027 Yes
Row 10 vs. Row 7 0.129 5 2.942 0.068 Do Not Test
Row 10 vs. Row 1 0.127 4 3.550 0.025 Do Not Test
Row 10 vs, Row 9 0.0885 3 2.023 0.184 Do Not Test
Row 10 vs, Row 6 0.00425 2 0.,0971 0.946 Do Not Test
Row 6 vs, Row 5 0.257 9 5.879 =0.001 Yes
Row 6 vs. Row 13 0.210 3 4.449 0.008 Yes
Row 6 vs. Row 11 0.173 7 3.666 0.027 Yes
Row 6 vs, Row 2 0.166 6 3,794 0.021 Yes
Row 6 vs, Row & 0.154 5 3.531 0.029 Yes
Row 6 vs. Row 7 0.124 4 2.845 0.071 Do Not Test
Row 6 vs. Row 1 0.123 3 3431 0.025 Do Not Test
Row 6 vs, Row 9 0.0842 2 1.925 0.180 Do Mot Test
Row 9 vs, Row 5 0.173 8 3.954 0.018 Yes
Row 9 vs, Row 13 0.126 7 2.666 0.109 No
Row 9vs. Row 11 0.0890 [ 1.883 0.252 Do Not Test
Row 9 vs. Row 2 0.0817 5 1.868 0.248 Do Not Test
Row 9 vs, Row 8 0.0702 4 1.605 0.309 Do Not Test
Row 9 vs, Row 7 0.0402 3 0.920 0.545 Do Not Test
Row 9vs, Row | 0.0383 2 1.073 0.452 Do Not Test
Row 1 vs. Row 3 0.135 7 3.769 0.023 Yes
Row 1 vs, Row 13 0.0877 6 2.195 0.182 Do Not Test
Row 1 vs, Row 11 0.0507 5 1.268 0.433 Do Mot Test
Row | vs. Row 2 0.0434 4 1.215 0.441 Do Not Test
Row | vs. Row 8 0.0319 3 0.893 0.557 Do Not Test
Row 1 vs. Row 7 0.00192 2 0.0536 0.970 Do Not Test
Row 7 vs, Row 5 0,133 6 3.034 0.065 No
Row 7 vs, Row 13 0.0857 5 1.814 0.262 Do Mot Test
Row 7vs. Row 11 0.0488 4 1.031 0.514 Do Not Test
Row 7 vs. Row 2 0.0415 3 0.948 0.533 Do Not Test
Row 7 vs. Row & 0.0300 2 0.686 0.630 Do Not Test
Row & vs. Row 5 0.103 5 2.348 0.146 Do Not Test
Row 8 vs, Row 13 0.0557 4 1.180 0.455 Do Not Test
Row 8 vs, Row 11 0.0188 3 0.397 0.794 Do Not Test
Row 8 vs. Row 2 0.0115 2 0.263 0.854 Do Not Test
Row 2 vs. Row 5 0.0913 4 2.085 0.186 Do Not Test
Row 2 vs, Row 13 0.0442 3 0.936 (0.538 Do Not Test
Row 2 vs, Row 11 0.00725 2 0.153 0.914 Do Not Test
Row 1] vs. Row 5§ 0.0840 3 1.777 0.243 Do Not Test
Row 11 vs. Row 13 0.0370 2 0.732 0.607 Do Not Test
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Row 13 vs. Row 5 0.0470 2 0.994 0.486 Do Not Test

A result of "Do Not Test" occurs for a comparison when no significant difference is found between two
means that enclose that comparison. For example. if you had four means sorted in order. and found no
difference between means 4 vs. 2. then you would not test 4 vs. 3 and 3 vs. 2. but still test4 vs. 1 and 3 vs. 1
(4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 32 1). Note that not testing the enclosed means is a
procedural rule. and a result of Do Not Test should be treated as if there is no significant difference between
the means. even though one may appear to exist.



One Way Analysis of Variance

Data source: Lipid Percent Dy Weight

Group Name N

—

(%]

Control
BA 10-7
BA 10-6
BA 10-5
ABA 10-7
ABA 10-6
ABA 10-5
tZ 10-7

tZ 10-6

t£ 10-5
MeSZ 10-7
MeSZ 10-6
MeSZ 10-5

Source of Variation

Between Groups
Residual
Total

The differences in the mean values among the treatment groups are greater than would be expected by

e I S S A e S S

Missing

0

oo oo oo oo

DF
12
44
56

Mean

1.532
1.720
1.921
2.140
0.971
1.011
1.050
0.900
0.937
1.411
0.952
1.380
0.880

S8

8.748
4.199
12.947

Std Dev
0.435
0.287
0.415
0.424
0.147
0.128
0.0696
0.0859
0.128
0.350
0.202
0.279
0.0616

MS
0.729
0.0954

Tuesday. September 15, 2015, 1:21:57 PM

SEM
0.126
0.144
0.207
0.212
0.0736
0.0638
0.0348
0.0429
0.0641
0.175
0.117
0.161
0.0356

F
7.640

chance: there 1s a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Duncan's Method)

Comparisons for factor:

Comparison
Row 4 vs. Row 13
Row 4 vs. Row 8
Row 4 vs. Row 9
Row 4 vs. Row 11
Row 4 vs. Row 5
Row 4 vs. Row 6
Row 4 vs. Row 7
Row 4 vs. Row 12
Row 4 vs. Row 10
Row 4 vs. Row 1
Row 4 vs. Row 2
Row 4 vs. Row 3
Row 3 vs. Row 13
Row 3 vs, Row 8
Row 3 vs. Row 9
Row 3 vs. Row 11
Row 3 vs, Row 5
Row 3 vs. Row 6
Row 3 vs. Row 7
Row 3 vs. Row 12
Row 3 vs. Row 10

1.260
1.231
1.203
1.187
1.169
1.129
1.090
0.760
0.729
0.608
0.420
0.219
1.041
1.012
0.984
0.969
0.950
0.910
0.871
0.541
0.510

Diff of Means

p
13
12
11
10
9
8

-

—_——
o I B e e T O T S T O

Bl L=

q
7.554
7968
7.789
7117
7.569
7.311
7.059
4.557
4721
4.824
2.717
1.417
6.242
6.551
6.372
5.806
6.152
5.804
5.642
3.246
3.304

P
=0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.006
0.004
0.002
0.075
0.322
=0.001
=0.001
<0.001
<0.001
<0.001]
<0.001
<0.001
0.044
0.036

<0.001

P=0.050
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
Do Not Test
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row
Row

3vs. Row 1
3 vs. Row 2
2vs, Row 13
2vs, Row &
2vs. Row 9
2vs. Row 11
2vs. Row §
2vs. Row 6
2vs. Row 7
2vs. Row 12
2vs, Row 10
2vs. Row 1
1vs. Row 13
1 vs. Row 8

1 vs. Row 9

1 vs. Row 11
1 vs. Row 5

1 vs. Row 6
1vs. Row 7

1 vs. Row 12
1 vs. Row 10
10 vs. Row 13
10 vs. Row 8
10 vs. Row 9
10 vs. Row 11
10 vs. Row 5
10 vs. Row 6
10 vs, Row 7
10 vs. Row 12
12 vs. Row 13
12 vs. Row &
12 vs. Row 9
12 vs. Row 11
12 vs. Row 5
12 vs. Row 6
12 vs. Row 7
7 vs. Row 13
7 vs. Row &

7 vs. Row 9

7 vs. Row 11
7vs. Row 3

7 vs, Row 6

6 vs. Row 13
6 vs. Row &

6 vs, Row 9

& vs. Row 11
6vs, Row 5
S5vs. Row 13
Svs. Row &
Svs, Row 9
Svs. Row 11
11 vs. Row 13
11 vs. Row &
11 vs. Row 9
9vs. Row 13
9vs, Row &

0.389
0.201
0.841
0.811
0.783
0.768
0.750
0.710
0.671
0.341
0.310
0.189
0.652
0.622
0.595
0.579
0.56]
0.521
0.482
0.152
0.121
0.531
0.502
0474
0.458
0.440
0.400
0.361
0.0311
0.500
0.470
0.443
0.427
0.409
0.369
0.330
0.170
0.140
0.113
0.0071
0.0788
0.0389
0.131
0.102
0.0739
0.0583
0.0400
0.0010
0.0616
0.0339
0.0183
0.0728
0.0434
0.0156
0.0572
0.0278
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0.958
3.183
3.247
3.068
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2.211
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1.018
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0.730
0.582
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0.260
0.0935
0.343
0.180
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0.003
0.002
0.003
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0.004
0.005
0.007
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0.007
0.004
0.005
0.013
0.007
0.011
0.016
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0.060
0.053
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0.078
0.101
0.125
0.896
0.096
0.090
0.106
0.138
0.120
0.147
0.169
0.541
0.581
0.652
0.713
0.737
0.860
0.634
0.685
0.762
0.819
0.856
0.737
0.801
0.886
0.939
0.797
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0.948
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Yes

Do Not Test
Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Do Not Test
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Yes

Yes

Yes

Yes

Yes
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Do Not Test
Do Not Test
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Do Not Test
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Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
Do Not Test
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Row 8 vs. Row 13 0.0294 2 0.176 0.901 Do Not Test

A result of "Do Not Test" occurs for a comparison when no significant difference is found between two
means that enclose that comparison. For example. if you had four means sorted in order. and found no
difference between means 4 vs. 2. then you would not test 4 vs. 3 and 3 vs. 2. but still test 4 vs. 1 and 3 vs. 1
(4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1). Note that not testing the enclosed means is a
procedural rule. and a result of Do Not Test should be treated as if there is no significant difference between
the means. even though one may appear to exist.
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One Way Analysis of Variance Tuesday. September 15, 2015, 1:31:07 PM
Data source: Fatty Acid Weights mg

Group Name N Missing Mean Std Dev SEM

Control 12 0 10.809 1.379 0.398

BA 10-7 4 1] 9.450 0.802 0.401

BA 10-6 4 Q 0,325 2,238 1.119

BA 10-5 4 Q 11.275 1.121 0.561

ABA 10-7 4 1] 7.167 1.271 0.636

ABA 10-6 4 0 7.125 1.139 0.569

ABA 10-5 4 0 8.200 0.394 0.197

tZ 10-7 4 0 7.550 0.439 0.219

tZ 10-6 4 1] 7.875 0.779 0.390

tZ 10-5 4 1] 9.225 0.968 0.434

MeSZ 10-7 3 1] 6.133 0.818 0.472

MeSZ 10-6 3 1] 7467 0.759 0.438

MeSZ 10-5 3 1] 7.167 0.205 0.119

Source of Variation DF S8 MS F P
Between Groups 12 144.119 12.010 9016  <0.001
Residual 44 38.612 1.332

Total 56 202.731

The differences in the mean values among the treatment groups are greater than would be expected by
chance: there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Duncan's Method)

Comparisons for factor:

Comparison Diff of Means P q P P<0.050

Row 4 vs. Row 11 5.142 13 8.249 <0.001 Yes
Row 4 vs. Row 6 4.150 12 7.191 =<0.001 Yes
Row 4 vs. Row 13 4.108 11 6.501 <0.001 Yes
Row 4 vs. Row 5 4.108 10 7.119 <0.001 Yes
Row 4 vs. Row 12 3 808 9  6.110 <0.001 Yes
Row 4 vs, Row 8 3.725 8 6455 <(0.001 Yes
Row 4 vs. Row 9 3400 7 5,892 <0.001 Yes
Row 4 vs. Row 7 3.075 6 5.329 0.001 Yes
Row 4 vs, Row 10 2.050 5 3552 0.028 Yes
Row 4 vs. Row 3 1.950 -+ 3.379 0032 Yes
Row 4 vs, Row 2 1.825 3 3162 0.039 Yes
Row 4 vs. Row 1 0.466 2 0989 0.488 No
Row 1 vs. Row 11 4.676 12 8.876 <0.001 Yes
Row 1 vs. Row 6 3.684 11 T.819 <0.001 Yes
Row 1 vs. Row 13 3.642 10 6.914 <0.001 Yes
Row 1 vs. Row 5 3.642 9 7.730 =0.001 Yes
Row 1 vs. Row 12 3.342 & 6.345 <0.001 Yes
Row 1 vs. Row 8 3.259 7 6917 =0.001 Yes
Row 1 vs. Row 9 2934 6  6.227 <0.001 Yes
Row 1 vs. Row 7 2.609 5 5.537 <0.001 Yes
Row 1 vs. Row 10 1.584 4 3362 0.033 Yes
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Row 6 vs. Row 11 0.992 2 1.591 0.267 Do Not Test

A result of "Do Not Test" occurs for a comparison when no significant difference 1s found between two
means that enclose that comparison. For example. if you had four means sorted in order. and found no
difference between means 4 vs. 2. then yvou would not test 4 vs. 3 and 3 vs. 2. but still test 4 vs. 1 and 3 vs. 1
(4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1). Note that not testing the enclosed means is a
procedural rule. and a result of Do Not Test should be treated as if there is no significant difference between
the means. even though one may appear to exist.
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