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Abstract 

Spbingolipids are ubiquitous and essential components of eukaryotic cells. They are major 

components of the membrane, and have also been identified to be important in signalling. 

Until recently, very little has been known about IPCS in plants. The activity has been 

characterized in bean microsomes in 2003 by Bromley eta/., but untH now no genes 

encoding IPCS have been identified. Here the three Arabidopsis thaliana genes potentiaJlily 

encoding IPCS, which is responsible for a step in sphingolipid synthesis have been 

characterized and the expression level has been identified. Genes have been cloned and 

transformed into the yeast-E. coli shuttle vector pRS426 MET for investigating the 

encoded activity. In vivo and metabolic labelling in vitro studies of the complementation 

studies of AURl of these IPCS genes demonstrated that IPCS function as A URI. Although 

salt tolerance in vivo studies and metabolic labelling in vitro studies of /SCI 

complementation studies showed that IPCS did not function as ISCl, IPC-PLC. By 

designing gene specific primer sets, tissue-specific expression patterns for these genes have 

been identified for the first time and suggest that the expression of particular IPCS genes 

are regulated in a tissue-specific and developmental-stage manner. Furthermore, A. 

tha/iana IPCS was found to be resistant to the anti-fungal agent aureobasidin A (AbA). 

This may provide important aspects to future management and prevention of fungal 

diseases in ,plants. Identifying the functions and characteristics of A. thaliana IPCS 

provides important aspects ·of sphingolipid synthesis and :signalling in plants. 
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Introduction 

1. Introduction 

1.1 What are Sphingolipids? 

Sphingolipids are ubiquitous constituents of eukaryotic cells, and are present in almost all 

eukaryotes as wel:l as a few p:rekaryotes (Lynch and Dunn 2004). They are major 

components of the plasma membrane, tonoplast, and other endomembranes. The name 

"sphingolipid" was given due to its enigmatic (sphinx-like) chemical structure (Hakomori 

1983). Over 30@ different sphingolipids have been characterized structmaUy (A. H. 

Jr.Merrill 1996), and when variations in the LCB and acyl chain are also considered, the 

possible molecular species number in the thousands (Vesper et al. 1999). 

Sphingolipids are based on long-chain sphingoid bases and constituents of phospholipids 

and glycolipids (Huwiler et al. 2000b; Huwiler et al. 2000a). In mammals the predominant 

sphingolipid classes are sphingomyelin and many neutral and acidic glycolipids (Hakomori 

1983; A. H. Jr.Merril11996). 

In fungi, sphingolipids consist of glucosylceramides and inositolphosphorylceramides 

(IPCs) (Sakaki et al. 2001), but in Saccharomyces cerevisiae they are exclusively IPCs 

(Lester and Dickson 1993). 

However in plants, the major long-chain bases (LCBs), trihydraxy 18:1:(18E/Z isoforms) 

and dihydroxy 18:2(4E/(E/Z)) in plants are not found in animals and yeast (Markham et al. 

2006). In plants, the predominant complex sphingolipid is glucosylceramide (Warnecke 

and Heinz 2003). Complex (polar) glycophosphosphingolipids (glycosylated IPC species) 

have been isolated as well (Lester and Dickson 1993). Further reseatch in A. thaliana has 

revealed only one maJor anionic sphingolipid class, hexose-hexuronic

inositolphosphoceramide. This was identified using hydrolysis of sphingolipids, high 

performance liquid chromatography analysis and mass spectrometry (Markham et al. 

2006). 

By developing a single solvent system with reversed-phase high performance liquid 

chromatography coupled to electrospray ionization tandem mass spectrometry detection, 

168 sphingolipids from crude A. thaliana samples were separated and measured (Markham 

and Jaworski 2007). Major sphingolipid classes, glycosylinositolphosphoceramides, 

glucosylceramides, hydroxyceramides and ceramides and other minor but potentially 

important free long-chain bases sphingolipids and their phosphorylated derivates were 

identified. 
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Introduction 

At first sphingolipids were thought to serve primarily as inert structural compounds, 

contributing to mechanical stabilisation and chemical resistance of the outer leaflet of the 

plasma membrane (Karlsson 1970). Since 1986 however, it has been established that 

sphingolipids function as bioactive molecules in animal cells (Hannun et al. 1986). In 

neuroaal tissue, sphingolipid& and their anabolic compounds are also important 

components and are closely associated with nerve function. The sphingolipids, 

sphingomyelin and gangliosides are important components of nerve myelin sheatns and 

play a crucial role in the development of the neuronal tissue and its function and stability in 

the mature organism (Mi,lstien et al. 2007). 

1.2 Sphingolipid Biosynthesis in Yeast 

A diagram of the sphingolipid biosynthesis in yeast is shown below Figure I. In yeast, as 

in mammalian cells, the first step in sphingolipid metabolism involves the condensation of 

serine and palmitoyl-CoA in the ·endoplasmic reticulum (ER) by serine palmitoyl 

transferase (SPT) (Dickson and Lester 1999). For this activity, two LCBs, LCBJ and LCB2, 

found in all organisms that make sphingolipids, are required (Nagiec et al. 1994). After the 

initial condensation of serine and palmitoyl-CoA into 3-keto dihydrosphingosine, the 

enzyme 3-keto reductase (TSC gene) converts it into dihydrosphingosine which is also 

carried out in the ER (Beeler et al. 1998). 

The next step in yeast, which is different to that of the mammalian. reaction, is that either 

dihydrosphingosine or dihydroceramide are hydroxylated by the ceramide synthase, 

SUR2/SYR2 into phytosphingosine or phytoceramide, respectively {Haak et a/. 1997, 

Grilley et a/. 1998). Then the LCB, phytosphingosine is acylated to phytoceramide. This 

step is also different to mammalian cells, which involves very long-chain fatty acids. This 

enzyme is encoded by LAGI and its homologue LACI (Guillas et a/. 2001). Finally 

ceramides in yeast are incorporated into complex sphingolipids such as 

hmsitolphosophorylceramide (IPC). The enzyme involved in this step is encoded by AURI 

which is an ·essential yeast gene (Nagiec et al. 1997). This enzyme, which is not present in 

mammalian cells, is a target for .aureobasidin, a fungal toxin (Zhong et al. 2000). Therefore, 

it has a potential importance for anti-fungal drugs. IPC is further mannosylated to MIPC 

and MIP2C in the Golgi by GOP mannose. 

ISCI (YER019w), an enzyme involved in the breakdown of sphingolipids have been 

identified. This enzyme hydrolyses IPC back to ceramide (Sawai et al. 2000b). 

2 
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Figure 1 Yeast SphingoUpid Metabolism 

Introduction 

Ethanolamine·I·P 
+ 

Hexadecanal 

The first step in sphingolipid metabolism involves the condensation of serine and palmitoyl-CoA in the 

endoplasmic reticulum by SPT, which is encoded by two LCB, lcbl and lcb2. After the initial condensation 

of serine and palmitoyl-CoA into 3-'keto dihydrosphingosine, the enzyme 3-keto reductase (tsc) converts it 

into DHS, which is also carried out in the ER. Next'step is either dihydrosphingosine or dihydroceramide are 

hydroxylated by the ceramide synthase, SUR2/SYR2 into phytosphingosine or phytoceramide, respectively. 

This is different to the reaction of that in mammals. Then the LCB, phytosphingosine is acylated to 

pbytoceramide. This enzyme is encoded by lagl and its homologue lacl. Finally ceramides are incorporated 

into complex sphingolipids such as IPC encoded by aur 1 which is an essential yeast gene. ISOI encodes 

inositolphosphosphingolipids phospholipase C. IPC is further mannosylated to MIPC and MIP2C in the Golgi 

by GDP mannose. Figure adapted from (Obeid et al. 2002a) 
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Introduction 

Sphingolipid LCBs are known as signalling molecules for regulating growth (Sun et a/. 

2000}, response to stress (Aerts et a/. 2006) and cell wall synthesis and tepair (Schmelzle 

et a/. 2002). 

Other roles have recently been discovered such as protein traffickinglexocytosis (Skrzypek 

eta/. 1997), lipid rafts or microdomanis, which constitutes cholesterol and sphingolipids. 

(Hearn et a/. 2003), calcium homeostasis (Futerman 2005}, longevity and cellular aging 

(Jiang eta/. 2004), nutrient uptake (Chung eta/. 2001}, cross talk with sterols (Kihara and 

Igarashi 2004) and the action of some antifungal agents (Nagiec eta/. 2003a). 

Fungal toxins tbat target sphingolipid metabolism are shown in Table 1 (Obeid et a/. 

2002a). 

Table 1 Fungal toxins that target sphingolipid metabolism 

Toxin Enzyme target 
I' 

Myriocin Serine palmitoyltransferase (Lcb lp) 

Syringomycin E Dihydrosphingosine hydroxylase (Sur2p/Syr2p) 

FumonisinB Ceramide synthase 

Australifungin Ceramide syathase i' 
I 

Aureobasidin Inositol phosphoceramide synthase (Aur1 p) 

1.3 Sphingolipids in Plants 

1.3.1 Metabolism of Sphingolipid 

A diagram of the sphingolipid metabolism pathways in plants is shown below (Figure 2). 

The metabolic pathway is constructed of three parts which is syathesis and fates of 

sphinganine, conversion of ceramide to complex sphingolipids, and LCB and acyl-chain 

modification. 

As in yeast, sphingolipid biosynthesis starts with the coadensation of palmitoyl-CoA and 

serine to yield 3-ketosphinganine, catalyzed by SPT. Plants have one homolog of the yeast 

LCBJ and two homologs of LCB2. A. thaliana LCBJ encodes a genuine subunit of SPT 

that rescues the sphingolipid LCB auxotrophy of Saccharomyces cerevisiae SPT mutants 

when coexpressed with Arabidopsis LCB2. Non lethal reduction of At LCBJ expression 

results in profound alterations in the growth and development of Arabidopsis and in the 
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LCB composition of complex sphingolipids which show that sphingolipids are essential in 

Arabidopsis <Chen et al. 2006). 

In the next step, 3-ketosphinganine is reduced with NADPH by KSR to yield sphinganine. 

Two homologs of the yeast gene TSC 10 are found in A. thaliana, but their functions have 

not been demonstrated. 

In the next step, the amino group of sphinganine is acylated to yield ceramide. The activity 

of sphinganine N-acyltransferases in A. thaliana has been demonstrated in microsomal 

membrane (Sessler et al. 1993). 

Following the acylation of sphinganine, the resulting ceramide serves as substrate for the 

formation of glucosylceratnide and I!PC. Activity of IPC synthase has been demonstrated 

by monitoring the incorporation of fluorescent NBD-C6 ceramide or eH]inositolphosphate 

from radiolabeled phosphatidylinositol (PI) into product identified by TLC. Also, two 

ftmgal lPC inhibitors, AbA and rustmicin have been shown to inhibit the enzyme acti¥ity 

in bean microsomes (Bromley et al. 2003). 
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Figure l Spbingollpid Metabollsm in Plants 

Plant sphingolipid biosynthesis starts with the condensation of palmitoyl~CoA and serine to yield 3-

ketospbinganine as· in yeast. Plants have one homolog of the yeast LCB 1 and two homo logs of LCB2. 

Next, 3~ketospbinganine is reduced with NADPH by KSR to yield spbinganine. Then the amino group of 

spbinganine is acylated to yield ceramide. Following the acylation of sphinganine, the resulting ceramide 

serves as substrate for the formation of glucosylceramide and IPC. Known yeast gene orthologues are 

listed in brackets. Abbreviations: CERase, ceramidase; GCase, glucosylceramidase; GCS, 

glucosylceramide synthase; IPCS, inositolphophorylceramide synthase; KSR, 3-ketosphinganine 

reductase; LCBK, long-chain base kinase; LCBPL; long-chain base-phosphate lyase; LCBPP, long-chain 

base-phosphate phosphatase; PLC, phospholipase C; SAT, spbinganine acyltransferase; SH, sphinganine 

hydroxylase; SPT, serine palmitoyltransferase. Figure adapted from, (Dunn et al. 2004) 
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Introduction 

1.3.2 Function of Sphingollpids in Plants 

Roles of sphingolipids in plants include membrane structural components (Bomer et a/. 

2005}, cell signaling (Bille et al. 1992; Wang et al. 1996), stress response (Bomer et al. 

2002), pathogenesis (Birch et al. 1999) and apoptosis (Wang eta/. 1996). 

In A. thaliana, glycosylinositolphosphoceramides are the most abundant sphingolipid class 

with .the major species being hexose-hexuronic-inositolphosphoceramide, and then 

monohexosylceramides, and ceramides accounted for 69%, 31%, and 2% of the total 

sphingolipids, respectively, suggesting theFe is an important role for the anionic 

sphingolipids in plant membranes (Markham et al. 2006). 

In membranes, sphingolipids are known to serve as structural components. They are 

synthesized in the endoplasmic reticulum and the Golgi but are enriched in plasma 

membrane and endosomes which would indicate they travel between organelles wheFe they 

perform many of their functions. This is how the function of rafts and translocators were 

proposed (van Meer and Lisman 2002). 

In mammals and fungi, sphingolipids associate with cholesterol or ergosterol, respectively, 

and form clusters of raft-like domains. These domains, which are enriched in GPI-linked 

proteins have been, found to faci11itate lateral sorting of proteins, membrane trafficking and 

signal transduction (van Meer and Lisman 2002). Such domains exist in plants as weH 

though in plants they contain sterols in addition to cholesterol ~eskan et a/. 2000). Plant 

sterols are known to stabilize raft structw:e effectively (Xu et al. 2001)_. As d~t~gent

resistant sphingolipid- and sterol-r.ich membrane domains are associated with the 

trafficking and function of cell surface proteins in eukaryotic cel1ls, evidence of lipid 

domains in plant membranes were researched (Bomer et a/. 2005). Using proteomic 

approaches, in A. thaliana, eight GPI-anchored proteins, several plasma membrane 

A TPases, multidrug resistance proteins, and proteins of the 

stomatirilprohibitinlhypersensitive response family were found in detergent-resistant-,. 

membranes (Bomer eta/. 2005). 

Sphingolipids also play a role in cell signalling. Sphingolipid signaHing is thought to be a 

complex multifactorial signal derived from the interaction of several different 

sphingolipids, making the examination of all sphingolipids a critical factor in the dissection 

of sphingolipid' function (Markham et a/. 2006). 
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The important signalling molecules in eukaryotic organisms are sphingoid LCBs and their 

phosphorylated derivatives (LCB~Ps). In plants, SIP is a key sphingolipid second 

messenger. The knock-out of an A. thaliana gene coding for a protein accelerating in vitro 

(E)~sphing-4-enine transfer between membranes caused activation of cell death and 

defen.se (Brodersen et al. 2002). Also SlP has been shown to be a Ca2+-mobilizing 

messenger active in stomatal guard cell in drought and abscisic acid signalling in 

Commelina communis (Ng et al. 2001). In animals, the action of SIP is mediated largely 

through G protein-coupled receptors (GPCRs) of the SIP receptor family (Kluk and Hla 

2001). In A. thaliana, the enzyme responsible for SlP production, sphingosine kinase 

(SphK.), is activated by abscisic acid, and is involved in both abscisic acid inhibition of 

stomatal opening and promotion of stomatal closure (Coursol et al. 2003). 

Glycophosphosphingolipids and their metabolites in plants may also be involved in cell 

signaHing or cell-cell recognition as there is a similarity to animal complex sphingolipid& 

(Hetherington and Drobak 1992), though at present, no direct evidence have been shown 

that these sphingolipid& are signalling molecules (Worrall et al. 2003). 

Recent evidence suggests that mycotoxin-induced and PCD results from alterations in 

sphingolipid metabolism and that PCD is associated with accumulation of free sphingoid 

bases, dihydrosphingosine and 3-ketodibydrosphingosine. Interestingly, mycotoxia

induced PCD can be rescued by ceramide (Brandwagt et al. 2000), suggesting tllat cellular 

levels of ceramide and sphingoid bases can function as a rheostat to determine PCD or 

survival, similar to the SIP~ceramide rheostat proposed in mammalian cells (Maceyka et 

al. 2002). 

Sphinganine-analogous mycotoxins are known to induce necrosis, DNA fragmentation and 

accumulation of free long chain unsaturated bases ia different plant tissues (Moore et al. 

1999). This could be attributed to a competitive inhibition of the sphinganme N

acyltransferase (ceramide synthase) activity (Gable et al. 2000), 

In plants, sphingolipid& are essential for the establishment and maintenance of cell polarity 

by controlling actin cytoskeleton. Accumulation of ceramide is likely to be responsible for 

arresting the first step of the cell cycle, G I, in which the genes are expressed and proteins 

are synthesised (Cheng et al. 2001). 
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1.5 Sphingolipids and Diseases 

Sphingoli.pids we involved in disorders and diseases Sl:lch as globoid cell leukodystrophy 

(GLD) and Krabbe's disease (Clementi et al. 2003). The multinuclear cells associated with 

GLD are called globoid cells, from which the name derives from. It is found that GLD is a 

neurological disease characterized by severe myelin loss, and mental and motor 

deterioration in infants (Suzuki, 1998). The primary defect of GLD is a deficiency of 

galactosylceramidase, which is the lysosomal enzyme that catalyzes the hydrolysis of 

GalCer to Gal and ceramide (Mitsuo et al. 1989). The GalCer deficiency leads to 

disruption of the metabolism of GalCer-related sphingolipids and therefore results in the 

accumulation oflysosphingolipid psychosine. Distur.bances of tile fragile balance in myelin 

components are directly 'linked with various disorders of central nervous system (CNS) 

(Kinney et al. 1994). 

Sphingolipids may be used for the development of therapeutic approaches which is based 

on the role of ceramide in processes for cancer, ischemia-reperfusion injury, and diseases 

of the immune system (Kester and Kolesnick 2003). They also may play a key mle in 

transmission ofHN infection (Ono and Freed 2001). 

In plants, sphingolipids and its phosphorylated derivatives, synthesised in plants through 

ceramide biosynthetic pathway, were the signal molecules that trigger the endogenous 

PCD during susceptible disease response (Khurana et al. 2005). 

A disease resistant gene Asc-1 is known to prevent the disruption of sphingolipid 

metabolism during AAL (a nectrotrophic fungus Alternaria alternate fsp. lycopersici)

toxin-induced ,programmed cell death. The interaction between or a sensing of the levels of 

ceramide and free LCBs trigger apoptosis (Spassieva et al. 2002). The presence of Asc-l is 

able to relieve an AAL-toxin.-induced block on sphingolipid synthesis which would 

otherwise lead to PCD. In Arabidopsis, mutant Accelerated Cell Death 11 (ACD11) is 

deficient in putative sphingolipid LCB transfer protein (Brodersen et al. 2002). And ACD5 

gene has been identified as a 'lipid kinase with specificity for short-chain fatty acyl 

ceramides (Liang et al. 2003). 

1.6 What is known about IPC synthase 

Inositol-containing sphingolipids are present in fungi, .protozoa and plants. IPCS 

(phosph.atidylinositol ceramide inositolphosphate transferase), is an enzyme which 
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catalyzes the reaction between phosphatidylinositol and ceramide, such as nonhydroxy 

fatty acid-containing ceramide, hydroxy fatty acid-containing ceramide, and NBD-C6 

ceramide, to complex sphingolipids producing diacylglycerol (Figure 3). 

Many complex IPC derivatives have been found in plant tissues which show a large 

structural diversity (Kondo and Nakano 1987). These derivatives are components of plant 

cell membranes, especial:ly the plasma membrane and tonoplast. lB S. cerevisiae, M(IP)2C 

is the major sphingolipid and is prevalent in the plasma membrane, while MJPC and IPC 

are minor sphingolipids and are enriched in the Golgi and tonoplast (Obeid et al. 2002b). 

Diacylglycerol 

'>r!a 
Y" Phosphatidylin011itol 

~ tjlH-CHa-CHa-<CH.>•ra-GHs 
A-8-NH-y-H 

CHazOH 

Ceramlde IPCS 

Figure 3 Reaction Catalyzed by IPC Synthase 

0 ~CHa-CHe-(CH,>,a-CHo 
R-1!-NH- -H 

-o 
0=~-o-

~ 
OH 

lnosltolphosphoryloeramlde 

(I PC) 

IPC synthase catalyzes the transfer of inositolphosphate from phosphatidylinositol to ceramide producing 

diacylglycerol and IPC. Figure adapted from(Lynch and' Dunn 2004) 
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IPCS is encoded by the AUR1 gene, and when IPC synthesis was inhibited, it led to 

lethality which woul(l suggest ·that it is vital in S. cerevisiae (Mandala et al. 1998). Not 

much has been known about IPCSin plants, but it is thought to be similar to its yeast 

counterpart in many respects (Bromley et al. 2003). In animal cells, ceramide is a substrate 

for SM which is catalyzed by SM synthase. As these liPC derivatives are absent in animals 

and :t:equired in various fungi, this gi:ves IPCS a great poteDtial for antifungal agents. AhA, 

a fungal inhibitor, is known to inhibit IPCS in yeast (Zhong et al. 1999) and bean 

microsomes 9Bromley et al. 2003), but is resistant to Leishmania donovani IPCS (J. G. 

Mina Unpublished). 

Research by Bromley et al., suggests that light does not affect the enzyme levels in the 

tissue as the IPC detected in 4 day old bean hypocotyl and 3 weeks old leaf were the same. 

Also the enzyme may be less active in menocots than dicots as com and onion produce less 

IPC compared to bean, red beH pepper fruit and spinach respects (Bromley et al. 2003). 

Also it was demonstrated that IPCS does not exhibit any strict substrate specificity as all 

three types of ceramides (HF A-Cer, NHF A-Cer, and NBD-C6) served as substrate. 

A. thaliana JiPCS was identified with the predicted protein sequence of Leishmania IPCS 

using the Arabidopsis genome database (http://www.tigr.org/tdb/e2kl/ath1/). Four open 

reading frames encoding three highly related .sequence orthologues, At liPCS 1, At IPCS2, 

At IPCS3 and At IPCS4 were identified J. G. Mina Unpublished. The AGI numbers of 

these genes were, At IPCSl (At3g54020), At IPCS2 (At2g37940), At IPCS3 (At2g29525.1) 

and At IPCS4 (At2g29525.2). 

1. 7 Aim of Study 

The aim of this study was to clone plant orthologues of yeast AUR1 gene to test whether 

plant IPCS can functionally complement yeast AUR1 mutant and to see ifplant IPCS have 

activity of PLC (ISC1). To quantify the expression of these IPCS genes in plant tissue, 

gene specific PCR primer sets for IPCS 1, 2, and 3 were developed. 
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2. Materials and Methods 

2.1 Growing Arabidopsis thaliana 

Arabidopsis thaliana seeds were sterilised before planting; seeds were placed in a 7 .5ml 

plastic bijou bottle and immersed in 70% ethanol for 30 seconds. The ethanol was removed 

with a pasteur pipette, and the pipette was kept in the tube for subsequent changes of 

solutions and for spreading the seeds on the petri dish. The tubes were then filled with 10% 

commercial bleach and 1 drop of tween 20 (a surfactant) and left for 20 minutes. Then the 

bleach was removed with the pasteur pipette and the seeds were rinsed twice with sterile 

distiUed water. Enough water was left to spread out the seeds using the pasteur pipette onto 

the surface of growth media Yz MS 10 agar plates. The formulation of this media is 

described in· the appendix, Preparing Media. 

Once spread, plates were sealed with micropore tape and incubated for one week in the 

dark at 4°C. This was to facilitate the stratification of the seeds. Then plates were 

transferred into the tissue culture room which was set at 22°C with intensive light for 24 

hours to germinate. 

2.2 Planting Arabidopsis 

Plants were transferred into soil after they had grown to approximately 1 em on tissue 

culture media. ()ne part sand was added to four parts of sieved soil _then t!te soil was 

transferred into containers and was soaked in water. 0.2g/1 of intercept70WG (Levington) 

per batch was poured on top of the soil to avoid insects and then plants were carefully 

planted from the growth media into the soil. 

After the ·rosette leaves had developed, aracoabases and aracontubes (Arasystem) were .put 

around individual plants to avoid cross fertiilisation of the plants and to aid seed collection. 

Water was provided regularly and the plants were growing in a regulated grem house; 16 

hours of day light, 6 hours of auxiliary lights. Day temperature was regulated at 23°C and 

night temperature was 18°C. 
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2.3 Purification of RNA from Plant Material 

RNA from plants was purified using an RNeasy Plant Mini Kit (Qiagen~. Plant tissue was 

immediately placed in liquid nitrogen and was ground thoroughly with an autoclaved 

mortar and pestle. The tissue powder was decanted into an RNase-free 2ml 

microcentrifuge tube. 

The extraction of RNA from plant material was carried out according to the manufacture's 

protocol. Buffer RLT was used for A. thaliana. Buffer RLT contains guanidine thiocyanate 

and it disrupts cells and denatures properties. 

To elute RNA, RNeasy spin column was placed in a new 1.5 ml collection tube. 30 ILl of 

RNase-free water was added directly to the spin column membrane and centrifuged for 1 

min at ~·10,000 rpm twice. Then RNA was quantified by NanoDrop ND-1000 

Spectrophotometer (Labtecb International) to check the purity and quantity and samples 

were stored at -20°C. 

2.4 RNA Precipitation 

RNA precipitation was earned out for subsequent use where RNA yield was low. 

Milli Q water (MQ) was added to DNase treated RNA (described below) to make a volume 

of 100 ILL Equal amount of phenol: chloroform: isoamyl alcohol(25: 24: 1 v/v) was added 

and vortexed and briefly centrifuged. The aqueous phase was transferred into a new 

eppendorf tube and RNA was re•extracted from sample. 4M LiCl was added to the 

extracted RNA to make a final concentration of 0.5M LiCl and left on ice for 30 min. 

Samples were centrifuged at 4°C for 20 min at 16kg. Pellet was washed with 80% EtOH 

and air dried for 2 min. The pellet was re-suspended in smaller volume of MQ. Purity and 

q1:1antity of RNA was checked by looking at the A260/280 and A260/230 value using 

NanoDrop ND-1000 Spectrophotometer. See 2.14 for further detaHs. 

2.5 Reverse Transcriptase (RT) Reaction 

RT -reactions were carried out to prepare eDNA from extracted RNA. 1.01Ll of 500~-tg/ml 

oligo dT (Invitrogen), ~1.01Lg of total plant RNA (21Lg for QPCR)and MQ were added to a 

final volume of 111Ll. Samples were incubated at 65 °C for 5 min and then quenched on ice 

for 5 min. 4.0 ILl of RT buffer, 2.01Ll of 0.1M DTT (Invitrogen), l.OILl of 1 Om.M dNTPs, 

1.01Ll of RNasin <40u!IL1, Promega) and 1.01"1 of superscriptiii (200u/ ILl, Invitrogen) were 
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added, which made a final concentration of 1 OmM DTT and 0.5mM dNTPs, and samples 

were incubated at 42 °C for 90min, and then 72 °C for l5min. 

If there was genomic DNA contamination in the eDNA, DNase treatment of the RNA 

samples were carried out during the extraction. 

2.6 DNase Treatment 

DNase treatment using RQ1 RNase-Free DNase (Promega) was carried out according to 

the manufacture's protocol. All procedures were done in RNase free condition. 

An on-column DNase digest was carried for Q-PCR RNA samples, according to the 

manufacturers protocol (QIAGEN). 

2. 7 Polymerase Chain Reaction (PCR) amplification of DNA 

2. 7.1 PXE 0.5 Thermal Cycler 

PCR was carried out using BIOTAQ DNA polymerase (Bioline) and a PXE 0.5 Thermal 

Cycler (Thermo Electron Corporatiou) PCR machine. As a general reaction mixture, 5 JLl 

of 10 x Nl4 reaction buffer, 1.5 Jd of 50mM MgCh, 1 J.d of 1 OmM dNTPs, 1 JLl of DNA, 1 

JLl of forward primer, 1 JLl of reverse primer, 0.2 JL'l ofTAQ, and MQ to make up to 50 JL'l. 

This gave a final coBcentration of 1.5mM MgCh, 0.2mM dNTPs and 0.4JLM primer. The 

amount ofMgCh, Primers and DNA were altered to obtain the strongest band. The general 

programme was,·1 cycle of 5 min of 95°C, 30 cycles of 30 sec of95 °C, 30 sec of annealing 

temperature and 90 sec of 72 °C, and 1 cycle of 72 °C for 5 min. The annealing temperature 

was calculated from the sequence ofthe primer sets. 

2. 7.2 Robocycler Gradient 96 PCR 

A robocycler gradient 96 (Stratagene) was used to optimise the annealing temperature of 

primer sets. The general solutions used were the same as a thermal cycler. The general 

programme used was, 1 cycle of 95 °C for 6 min, 30 cycles of 50 sec of 95 °C, 70 sec of 

44-66 °C, 90 sec of 72 °C, and 1 cycle of 5min of 72 °C. MgCh was optimised for each 

primer sets. 
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2. 7.3 Colony PCR 

Colony PCR was carried out to confirm successful yeast transformation with recombinant 

plasmids. 

A standard PCR solution (stated above) was prepared with 1 ILl of water instead of 11L·l of 

DNA. 20 ILl of solution was placed into eppendorf tubes, and cells from the colonies with 

no prior heat treatment were added with an autoclaved tooth pick. 

A normal PCR programme was used and colomes with insertion were determined by 

agarose gel electFophorosis of the PCR product. 

2. 7.4 Quantitative PCR 

To quantify the steady-state levels of RNA for each IPCS gene in plant material, a real' 

time quantitative PCR was carried out using Rotor-Gene RG-3000 (CORBETT 

RESEARCH). 

For the general teaction solution, 2 ILl of 10 x NIL. reaction buffer, 0;6 ILl of 50mM MgCh, 

0.4 ILl of 1 OmM dNTPs, 4 ILl of appropriately diluted DNA, 0.4 J.d of forward primer, 0.4 

JLl of reverse primer, 0.081L'l ofTAQ, 0.21Ll ofSYBR Green and MQ to make up to 20 ILL 

SYBR Green I nucleic acid gel stain (Invitrogen) was diluted 600 fold). Final 

concentration of each solution was, 1.5mM MgCh, 0.2mM dNTPs and 0.41LM primer. The 

amount of MgCh used with each primer pair was based on the end point PCR, and primer 

sets and DNA were optimised to obtain the best results. The general programme was, 1 

cycle of 10 min of 95°C, 30 cycles of 10 sec of 95 °C, 15 sec of annealing temperature and 

20 sec of 72 °C, melt analysis was 1 cycle of 72 °C to 95 °C rising 1 °C each step and 

waiting for 45sec on first step and then waiting for 5sec for each step onwards. The 

annealing temperature was set from end point PCR results for each primer pair 

concentration. 

2.8 Gel Electrophoresis 

After PCR, products were generally electrophorsesed through a 0.8% agarose gel to check 

band size. Gels were made from agarose multi-purpose (Bioline) and txT AE ( 4.84g Tris, 

1.142ml glacial acetic acid and 2ml 0.5M of pH8.0 EDTA in a litre). The solution was 

heated and dissolved .in the microwave, and once it had cooled, 0.071LVml of 10mglml 

ethdium bromide was added and poured into the plates to give a final concentration of 

0.71Lglml. lx TAB was used for buffer. 
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10#'1 ofPCR product was mixed with 1#Ll of 10~times o:t~ange G loading buffer (4g sucrose, 

20mg orange G dye topped up to 1 Oml MQ) and was cm:efully loaded into wells. An 

appropriate marker was chosen, and the gel electrophoresis was run at 120V for 30 to 40 

min. The gel was then examined under UV light to determine the band size in compari.son 

to the appropriate size molecular markers (0X x HAEN.I, Lamda x HinDIII and 

Hyperladder V - Bioline ). 

2.9 Purifying DNA form Agarose Gel 

DNA was purified from agarose gels using a Perfectprep Gel Cleanup Kit (Eppendorf) 

following the manufacture's protocol. DNA was eluted in 30#'1 elution buffer, and 

quantHied using NanoDrop ND-1 000 Spectrophotometer and stored at -20°C. 

2.10 Ligation and Transformation 

Ligations of PCR products were set using pGEM-TEasy vectors (Promega) according to 

the manufacturer's protocol. Samples were incubated at 4°C overnight and transformation 

was carried out using E. coli XL1-blue made competent by calcium chloride treatment 

(Hanahan 1983). Competent E. coli XL1-blue cells were thawed on ice for 5 min. 5#Ll of 

ligation was carefully added to 50#'1 of competent.£. coli XL1-blue cells and placed on ice 

for 30 min. Using a heat-shock method, eppendorf tubes were placed in a 42 °C water bath 

to allow the plasmid to transform competent E. coli XL1-blue cells. Then tubes were 

placed on ice for 2 min and 900#'1 ofLB broth was added to tubes and were incubated at 37 

°C for 1 hour with shaking. 

After incubation, cells were centrifuged at 1 0,000:xg and gently re-suspended with 300#'1 of 

the incubated LB broth. Then WO#Ll of sample was plated on to ampicillin., IPTG and X

Gal con.taining LB plates (50mglml ampicUlin, 200#LM IPTG and 20mglml X-Gal), and 

incubated at 37 °C overnight. 

White and light blue cells were selected and inoculated into ampiciUin con.taining LB 

media and on LB plates. Media/ plates were incubated at 37 °C overnight with shaking. 

16 



Materials & Methods 

2.11 Purifying Plasmid from E. coli cells 

After the ceHs have grown in ampiciHin containing LB broth, plasmid was purified using 

Wizard Plus SV Minipreps DN~ Purification System (Promega). DNA was eluted in 301Ll 

x 3 of water, quantified by NanoDrop N0-1000 Spectrophotometer and stored at -20°C. 

2.12 Restriction Enzyme Digestion 

To confirm the success of ligation/transformation, restriction enzyme digestion was carried 

out. 1.2 ILl of the appropriate buffer, 2 JL'l of the plasmid, 1 ILl of appropriate restriction 

enzyme and 7.8 ILl of water was added. Digestion was incubated at 37°C for 2 to 3 hours. 

2.13 Sequencing 

Sequencing was sent to an internal sequencing lab, and was carried out using pUC/Ml3 

forward and reverse primers. Specific primers were designed to confirm the sequence in 

pRS426 MET (Figure 4) pmor to cloning into yeast mutant cells (Details in Results). 

Sequence was checked using NCBI-Blast to confirm the correct sequence. An alignment 

was carried out with the forward and reverse primer results, and sequences were 

determined. 

idiJII..----.~~Ptl I (315) 
EcOR v (101) 

l·•l·cron , ....... , ua&a 
..... UOOt_ 

.•• (78t) 

p426 MET25 

Amp 
11111-HJIJ 

6 33 8 bp 

Figure 4 Map of Plasmid pRS426 MET 

CYC1·Ttrm. 
IIIIWI ... 

EcoRI and Sall sites were used to clone IPCS. Figure adapted from Mumberg 1994. 
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2.14 NanoDrop ND-1000 Spectrophotometer 

To determine the quantity of RNA or DNA, a NanoDrop ND-1000 Spectrophotometer 

(Labtech International) was used. 

The surface of the NanoDrop was cleaned and initialized with water prior to use. Using 2 

J.d of the eluted solution, a blank was measured, and samples were measured placing 2 ~tl 

on the spectrophotometer. Each time before measuring a new sample, the 

spectrophotometer was cleaned with water. 

2.15 Preparation of ~ast Competent CeUs for Transformation 

Yeast cells, strain YPH499-HIS-GAL-AUR1 S. cerevisea and YER01'9w were made 

competent by following the small-scale yeast transformation protocol from Invitrogen 

(pYD1 Yeast Display Vector Kit). 

Cells were grown in 50ml of media (YPD for ISC1 and YPGR for AUR1) overnight and 

the culture was diluted to an OD600 of 0.4 in 50ml of medium and was grown for an 

additional 2 hours. CeHs were plated on selective plates (SD-Ura for ISC1 and SD-His

Ura/ Gal Raf for AUR1) and incubated at 30°C until colonies formed. 

2.16 Spotting Yeast on Plates 

For testing the function of IPCS in yeast mutant cells (AUR1 or ISC1 }, were grown to log

phase and spotted onto agar plates of various compositions~ The OD600 ofthe grown yeast 

cells were measured and al,l yeast samples were adjusted to the same OD6oo so the yeast 

density will be equal. A dilution series was carried out using 0.9% NaCl (filter sterilised}, 

and 10 ~tl of the yeast cells were spotted onto each plate. 

2.17 Agar Diffusion Assay 

The conditional AUR1 mutant strain YPH499-HIS-GAL-AUR1 complemented with 

ScAUR1 or At IPCS were assayed for susceptibility to AbA (Takara Bio Inc.) (Denny eta/. 

2006) and myriocin (MYR) (Sigma) as previously described (Nagiec et al. 2003b ). 2.4 x 

107 logarithmically dividing cells were embedded in 15 m1 of SD-His-Ura/Glc cooled to 

42°C on 1 OO-mm2 square petri dishes (Sarstedt). Inhibitors were applied in DMSO and the 
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dishes incubated at 30 oc for 3 to 4 days. Inhibitors applied were volumes of 1, 2, and 3 J.d 

of25 p.MAbA, 1mMMYR and DMSO (control). 

2.18 Fluorescence Labelling 

2.18.1 Fluorescence Labelllng for AUR1 

For metabolic labelling experiments AUR1 cells were grown in lOml SD-His-Ura/Glu 

media for 72 hours with shaking. The OD6oo was measured and at OD6oo 2.5 cells were 

pelleted. The pellet was re-suspended in 250 p.l SD-His-Ura/Glu and 2.5 p.l of 5mM (6-

((N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl~amino)hexanoyl)sphingosine) (NBD-C6-Ceramide) 

was added. Samples were incubated at 30 °C for 2 hours. Cells were then transferred into a 

1.5ml eppendorf tube and pelleted and washed with water three times. 250 J.d of 

chloroform: methanol: water (CIMJW) H): 1!0:3 (v/v/v) was added to the· pellet and then 

sonicated for 15min in the sonic bath. 

Samples were centrifuged and the solvent phase was transferred into a new tube. The 

organic extracts were dried in a Concentrator 5301 (Eppendort) and re-suspended in 20 ~tl 

of CIMIW 10:10:3 (v/v/v). Fluorescence was measured using Fusion® a plate reader at 

excitation 466nm and emission 536:mn. 

Equal amounts of fluorescent reaction products were spotted on HPTLC silica plates 

(Merck) after equilibration. The TLC plate was run using eluent system 

chloroform/methanol/aqueous 0.25% KC155:45:10 (v/v/v). 

2.18.2 Fluor.escence Labelllng for ISCl 

Cells were inoculated into 10 ml SD-Ura media and incubated with shaking overnight at 

30°C. The OD600 was measured and the cell density was adjusted to approximately 2 x 107 

ceHs in 400JX1 SD-Ura. 2.0J1l of 2.5J.IM NBD-C6-SM (BODIPY® FLC12-sphingomyelin, 

(Molecular Probes) was added and cells were incubated at 30°C for 1 hour with shaking. 

Cells were pelleted and washed with SD-Ura three times, then re-suspended in 400J.d of 1:1 

chloroform: methanol (v/v). Approximately 100J1l of 0.5mm glass beads (BioSpec) were 

added and 10 cycles of lOsee vortexing and t·Osec on ice was carried out to break the cell 

wall to increase the lipid extraction. 100J.tl ofMQ was added to separate the phases and the 

solvent phase (bottom phase) was extracted into a new tube. The mixture was re-extracted 
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with another 400J.1l of 1:1 C: M (v/v). To clean the solution, lOOJ.d of MQ was added and 

the solvent phase was removed into a new tube. 

Solvent was dried using a Concentrator 530~1 (eppendort) at 45°C for 10 min and the pellet 

was re-suspended in 30J.1l of 10:10:3 C: M: W (v/v/v). 

The fluorescence was measured using Fusion® a plate reader and equal amount of the 

reaction products were ·spotted onto HPTLC sHica plates (Merck) after equi11ibration. The 

TLC plate was run using eluent system chloroferm/methanoVi5mM CaCh 60:35:8 (v/v/v). 

2.19 Preparation of Membranes for ISCJ Assay 

Media was prepared for grewing yeast cells to prepare membranes for assay. 

Table 2 Selected Media for Yeast Cells 

TypeofCeH Selected Media 

Wild Type (JS91) YPD 

Mutant (DZY1) YPD 

Mutant + Arabidopsis IPCS 1 SD-Ura 

Mutant + Arabidopsis IPCS2 SD-Ura 

Mutant + Arabidopsis IPCS3 SD-Ura 

To determine if IPCS ia A. thaliana also encodes for an ISC1 function, crude membranes 

of ISC1 mutant cells complemented with A. thaliana IPCSl, 2 and 3 were prepared in 

appropriate media. A ~ingle col9ny _was inoculated into 200 ml liquid media, and was 

incubated at 30°C for 24 hours with shaking. 

Crude membranes were prepared by carrying eut various speed ef centrifugation after cell 

breakage. 200ml of culture was harvested by centrifugation (Beckman Avanti 30 

Centrifuge, F0650) at 5000 x g, 4°C for lOmin. The pellets obtained were washed with 

cold PBS (2 x 4 ml). The sediment was suspended in 0.5 ml STE buffer (25mM Tris/HCl, 

250mM sucrose and 1mM EDTA) and the cells were disrupted with 0.5 g ofchilled0.5mm 

glass beadS (BioSpec) using a vortex mixer fer 10 cycles (1 mia vortex fallowed by l min 

rest on ice). Tb.e mixture was centllifuged (Beckman Avanti 30 Centrifuge, F2402) at 2,800 

x gat 4°C for 15 min and the supernatant was collected. The pellet was re-extracted with 

another 0.5 ml of STE buffer for another 10 cycles followed by centrifugation (Beckman 

Avanti 30 Centrifuge, F2402) at 2,800 x g at 4°C for 15 min. The supernatant was 

extracted and combined with the first extraction and were centrifuged as follows. 
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An initial centrifugation (Beckman Optima TLX Ultracentrifuge, F2402) of 27,000 x g at 

4°C for 30min reliloved large granular fraction of cell components. The supernatant was 

then centrifuged (Beckman Optima TLX Ultracentrifuge, F2402) at 150,000 x gat 4°C for 

90 min to sediment the small granular fraction enriched in microsomal membranes. The 

obtained pellets were then suspended in storage buffer (50mM Tris/HCl, 10%w/v glycerol 

and 5mM MgCh) and protein contents were prepared for quantification using RC DC 

Protein Assay (BIO RAD). The membranes were flash frozen in liquid nitrogen and stored 

at -80 °C until use. 

2.20 Preparation of STE Buffer and Storage Buffer 

STE buffer was prepared using 1.25ml of 1M 'Fris/HCl, 12.5g of 1M sucrose, 100 ttl of 

0.5M EDTA and 1 tab of complete® protease inhibitor cocktail (Roche Applied Science) 

and distilled water was added to make 50ml. The final concentration was 25mM TrisffiCl, 

250mM sucrose and 1mM EDTA. 

Storage buffer was prepared using 2.5ml of 1M Tris/HCl, 6.25ml of 80%w/v glycerol, 

0.25ml of 1M MgCh and 1 tab of complete® protease inhibitor cocktail and distilled water 

was added to make 50ml. The final concentration was 50mM Tris/HCl, 1 O%w/v glycerol 

and 5mM MgCh. 

2.21 Labelling Prepared Microsomes for NBD-CrSphingomyelin 

Fluorescence Assay 

Microsomes were labelled with NBD-C6-sphingomyelin (Molecular Probes) to examine 

the ISC1 function ofiPCS. NBD-C6-sphingomyelin; (6-((N-(7-nitrobenz-2-oxa-1,3-diazol-

4-yl)amino)hexanoyl)sphingosyl phosphocholine) is used for following sphingolipid 

metabolism in cells. 

1 JJ.l of 50mM PI was evaporated into each reaction tube. 20 JJ.l ofTris!EDTAIBSA buffer 

was added to the dried PI. The solution was sonicated for 2 min in a sonicating water bath 

then rested on ice for 1min. 20 p.g of the microsomal preparation was added and distilled 

water was added to finalize the volume to 49 JJ.l. The reaction was started by the addition of 

1 J!l of 5mM NBD-C6-sphingomyelin. The assay final volume was 50 p.L and final 

concentrations were 1 mM PI, 1~00 mM Tris/HCl buffer and 1!00 p.M NBD-C6-
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sphingomyelin. The reaction mixture was incubated at 30 oc for 60 min. The reaction. was 

quenched by the addition of 150 JLl of chloroform/methanol/water 10:10:3 (v/v/v). 

The resultant mixture was vortexed and then centrifuged to separate phases. The OI~ganic 

layer was collected and the aqueous phase was re-extracted with 50 JLl of chloroform. 

Combined organic extracts were dried in a Concentrator 5301 (Eppendorf) and re

suspended in 20 JLl of the CIMJW 10:10:3. Reaction products were spotted on HPTLC 

silica plates (Merck) after equilibration. The TLC plate was run using the slovent system 

chloroform/methanol/aqueous 0.25% KC155:45:10 (v/v/v). The plate was scanned using a 

Typhoon 9400 Variable Mode Imager (GE Healthcare ). The excitation and emission of 

NBD- C6-sphingomyelin is 466nm and· 536nm respectively. The R1 values for the excess 

NBD•C6-sphingomyelin and NBD-C6-IPC were 0.93, 0.37 respectively. 

2.22 Measuring fluorescence 

The amount of :fluoFescence in each sample was measured using Fusion® 0 plate reader 

(Packard Bioscience) using a black plate (OptiPlate-96 F from Perkin Elmer). 2.0 JLl of 

sample was added to 100 JLl of methanol. 

2.23 Scanning TLC plates 

TLC plates were scanned on Typhoon 9400 Variable Mode Imager (GE Healthcare). 

520BP40/ Blue2 (488nm) was selected for the laser, platen was selected for focal plane 

and the plate was pressed. Sensitivity was adjusted for each sample by changing the pixel 

size and resolution so none of the data was saturated. 
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3. Results - Identifying, Cloning and Characterisation of IPCS 

3.1 Identification and Cloning of IPCS 

IPCS in plant has only been characterized recently in bean microsomes (Bromley et al. 

2003), but until now no genes encoding IPCS have been identified. From unpublished data 

by P. W. Denny, 3 highly related sequence orthologues of Leishmania in A. thaliana, At 

IPCS 1, At IPCS2 and At IPCS3 were identified (J. G. Mina Unpublished). These A. 

thaliana genes potentially encode IPCS, responsible for a step in sphingolipid synthesis. 

Although a fourth IPCS ORF, At2g29525 .2 was identified, as the gene does not recognise 

the splicing site and the transcript ends due to a stop codon (Figure 5), it was expected that 

the protein was not functional. Therefore for these experiments, IPCS4 was excluded and 

the 3genes IPCSI , IPCS2 and IPCS3 were used. 

In this chapter, primers were designed to clone these potential IPCS genes from A. thaliana 

and eDNA was prepared from totalleafRNA by RT-PCR and PCR was carried out. 

Protein Coding Gene Hodels 
H T 2(,29525 .2 

i1 T 2G295Z'5.1 

Figure 5 Model of IPCSJ and IPCS4 Protein Coding Gene 

The protein coding gene model was extracted from T AIR. At2g29525 is located in chromosome 2 in position 

12,645,431 to 12,647,897. The blue line depicts the gene model and the blue boxes are the peptides of the 

corresponding gene model. 

This shows the splicing region of IPCS4 (At2g29525.2) is missing and the transcript is ended due to a stop 

codon. 
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3.1.1 Designing Primer Pairs 

After identifying the three possible IPCS genes, primer sets were designed to clone the full 

length ORF of each. As the pRS426 MET plasmid has EcoRI and Sali site, EcoRI site was 

attached to the 5' prime end of the forward primers, and Sali site was attached to the 3' 

prime end of the reverse primers to allow directional cloning into the appropriately 

digested vector (Table 3). 

Table 3 Primer Paris Deliigned for each IPCS Gene 

Forward: GAAITCATGACGCTTTATATTCGCCGCG 
IPCS 1 

:Reverse: GTCGACGAGCAGAGATCTCA'FGTGCC 

Forward: GAAITCATGACACTTTATATTCGTCGTG 
IPCS2 

, Reverse: GTCGACfCACGCGCCATTCATTGTG 

. 'Forward: GAAITCATGCCGGTTTACGTTGATCGCG 
IPCS 3 

Reverse: GTCGACfCAATGATCATCTGCTACATTG 

3.1.2 Optimising Primers for Cloning Full Length IPCS Genes 

A PCR using the standard method was carried out to clone full length IPCS genes from A. 

thaliana eDNA which was prepared from total leaf RNA by RT -PCR. 

The annealing temperature was calculated using {2(A+T) + 4(G+C)}-5. -5 was added as 

the annealing temperatuxe was too high without it. 

Using this formula, for full-length IPCS genes, an annealing temperature of 64°C was 

selected. PCR products were electrophoresised on a 0.8% agarose gel (Figure 6). For full 

length IPCSl and 2, a band size of 918bp and for IPCS3, a PCR product of 870bp were 

expected, but no product or only a very faint band was observed, when analysed by 

agarose gel electrophoresis. This could be due to too high annealing temperature or sub

optimal MgC12 concentration. Therefore a PCR using the temperature gradient function of 

a robocycler gradient 96 (Stratagene) was carried out to optimise each of the pairs with 

respect to temperature and MgCh concentrations. 
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1 2 3 Marker 

Expected--+ 
1: IPCS1 

+-1353bp 
Bands +-872bp 2: IPCS2 

Primer ._. +-310bp 3: IPCS3 
Dimers 

Figure 6 Amplification of Full Length IPCS ORFs 

PCR was carried out using IPCS full length primer pairs to amplify IPCS ORFs. Annealing temperature was 

set at 64°C and MgCh was 1.5mM. Single primer controls showed no bands (figure not shown). Faint bands 

are found in 1 and 2, but further optimisation of primers were needed. Expected band size is IPCS 1: 918bp, 

IPCS2: 918bp and IPCS3: 870bp. Large amounts of primer dimers were observed possibly due to primer 

complementarity and/or low template concentration. 

25 



Identifying, Cloning & Characterisation of IPCS 

A temperature gradient and MgCh optimisation experiment was carried out using a 

robocycler with a range of annealing temperatures from 58 °C to 66 °C and MgCh 

concentration of 1.5mM to 3mM. Single primer controls were carried out at 58°C with 

MgCh of 3mM. From these results, an optimal temperature and MgCh concentration were 

determined (Table 4). 

Table 4 Optimal Primer Pair Conditions 

Temperature~C) MgCh(mM), 

WCSlFwlLm~PrimerPairs 64 2 ' 

.IPCS 2 Full Len~ Primer Pairs 60 3 

IPCS 3 Full Lm~ Primer Pairs 54 3 

To clone full length IPCS ORFs, a PCR using the PXE 0.5 thermal cycler (Thermo 

Electron Corporation) PCR machine was carried out under the above conditions, and 50 pl 

ofPCR product was separated on 0.8% agarose gel. 

The appropriate band sizes were cut out from the gel and DNA was purified using 

perfectprep gel cleanup lcit (Eppendorf), fol1lowing the manufacture protocol. The amount 

of DNA purified was measured using a NanoDrop ND-H~OO Spectrophotometer (Table 5). 

Table 5 Quantity of Purified IPCS 

Quantity (ng/pl) 

IPCSl 31.2 

1PCS2 31.5 

IPCS3 13.2 
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3.1.3 Cloning Full Length IPCS cDNAs into pGEM-TEasy 

Subsequently, the purified eDNA for IPCS genes 1-3 were ligated into T-vectors, and 

transformed into competent E. coli XL1-blue cells. Cells were plated on LB medium 

containing AIX (Ampicillin, IPTG and X-GAL). As these plasmid/host combination 

allowed for selection of recombinant plasmids, white colonies on the transformation plates 

were inoculated into ampicillin containing LB broth, and incubated overnight at 3 7°C with 

shaking. 

Plasmid preparations and restriction enzyme digestion using EcoRDwas carried out to 

confirm the presence of inserts. As the vector has two EcoRI sites, only a single digestion 

was carried out to confirm insertion. As an example, restriction digest ·Of IPCS3 is shown 

in Figure 7. An insenion in 3.2 was confirmed. 

IPCS 1 and 2 were also successfully cloned into vectoFS (Figure 7). 

After confirming an insertion from digestion, samples were sent for DNA sequen.cing. 

Results were analysed using NCBI-Blast, and results confirmed that each three IPCS genes 

were successfully cloned. By aligning the sequence, sequencing errors were corrected and 

the complete gene was identified. 
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A 

3.1E 3.1 3.2E 3.2 3.3E 3.3 3.4E 3.4 Marker 

Insert 

B 

IPCS1 2 

Figure 7 Restriction Digest of IPCS3 

3 Marker 

-1353bp 

-872bp 

1353bp 
872bp 

A) Enzyme digestion treated with (E) and without EcoRl for 2-3 hours. Results show that 3.2 has IPCS3 

insertion. B) Enzyme digestion with EcoRl shows that IPCSl, 2 and 3 has insertion. 
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3.1.4 Cloning into pRS426 MET Plasmid 

The I!PCS 1-3 cDNAs were cloned into the yeast -E. coli shuttle vector pRS426 MET 

using EcoRI and Sali to release the eDNA from the T -vector and subsequent ligation into 

the same sites of the recipient plasmid. 

Recombinant pRS426 MET plasmids were transformed into E. coli XLl-blue and colony 

PCR was carried out using full length IPCS primer pairs to check for the presence of 

inserts. Although there was an expected band size for the control, there were no bands in 

any colony PCR product. This would indicate that the ligation, transformation did not work. 

As there are EcoRI and Sali sites in the DNA and plasmid, it is doubtful to think the 

ligation did not work. Therefore the plasmid was checked to see if there was EcoR1 and 

Sali site by carrying out a single enzyme digestion. From this result, it was concluded that 

EcoRI site was cut, but Sali site was not cut. As Xhol bas a compatible ligation end to Sali, 

a restriction enzyme digestion with Xho 1 was carried out, and the plasmid was successfully 

cut (Figure 8). 

Plasmid pRS426 MET was cut with EcoRI and Xhol and a ligation was set with the 3 IPCS 

DNA digested with EcoRI-Sali. Transformation was carried out and colony PCR was set to 

confirm the insertion. Results show that all 3 IPCS genes were successfully cloned into 

pRS426 MET (Figure 9). Plasmids were then sequenced to confirm the sequence which 

showed 100% similarity (Figure 1 0). 
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Linearised 
plasmid ----+ 

Uncut ----+ 
plasmid 

EcoR1 Sal1 

Figure 8 Restriction Enzyme of pRS426 

Identifying, Cloning & Characterisation of IPCS 

Xho1 Marker 

+-9416bp 
+-6557bp 
+-4361bp 

pRS426 was cut with EcoRl, Sail and Xhol. From these results, it is clear that Sail does not cut the plasmid 

but EcoRl and Xhol does. Therefore for subsequent uses, EcoRl and Xhol were used to cut plasmid. 

PCR ___. 
product 

1 2 3 

Figure 9 Colony PCR of IPCS-pRS426 

C Marker 
1: IPCS1-pRS426 

..._
1353

bp 2: IPCS2-pRS426 

+- 872bp 3: IPCS3-pRS426 

C: Control (IPCS1 from eDNA) 

A colony PCR was carried out from the colonies formed on LB medium containing AIX. A standard 

programme was run with an annealing temperature of 54°C. From these results, it was confirmed that all 

IPCS genes were transformed into plasmid pRS426. Sequencing was carried out with a specific primer. 
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A XPCSl an4 At3g5,020 
IPCSl ATGACNCTTTATATTCGCCGCGAAGCTTCCAAGCTATGGAGGAGATTTTGTTCGGAAATA 
At3g54020 ATGACGCTTTATATTCGCCGCGAAGCTTCCAAGCTATGGAGGAGATTTTGTTCGGAAATA 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

!IPCSl 
At3g54020 

IPCSl 
At3g54'020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

IPCS1 
At3g54'020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

IPCSl 
At3g54020 

* * * * * .• * * * * * * * * * **** * * * * **'* * * * *·* * * * * * * * * * * * * * * * * * * * * * •.• * * * * * 

ACAACGGAGATTGGTCTCCTCGCTGAGAACTGGAAATACCTTCTTGCTGGTCTTCTCTGT 
ACAACGGAGATTGGTCTCCTCGCTGAGAACTGGAAATACCTTCTTGCTGGTCTTCTCTGT 
* * * * * * * * * * * * * * * * * * * *·* * * * * * * * * * •.• * * * * * * * * *·* * * * * * * * * * * * * * * * * * * 

CAGTATATTCATGGTTTAGCTGCCAGGGGAGTTCATTATATTCATCGGCCAGGACCAACG 
CAGTATATTCATGGTTTAGCTGCCAGGGGAGTTCATTATATTCATCGGCCAGGACCAACG 
* * *·*·* * * * *·* * * * * * * * * * * * * * * •.• * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

CTTCAAGATTCTGGCTTTTTTGTTCTTCCGGAGCTTGGTCAAGATAAAGGCTTCATAAGT 
CTTCAAGATTCTGGCTTTTTTGTTCTTCCGGAGCTTGGTCAAGATAAAGGCTTCATAAGT 
************************~·····~····························· 

GAAACTGTGTTCACTTGTGTATTTCTTTCATTTTTCCTGTGGACTTTCCATCCTTTCATC 
GAAACTGTGTTCACTTGTGTATTTCTTTCATT.TTTCCTGTGGACTTTCCATCCTTTCATC 
* * * * * * * * * * * * * * * * * * ** * * ** *·* ** * *·* * * ** * * ** * * * * * * * * •.•• * * * * * * * * * * 

GTGAAAAGCAAGAAGATATACACTGTGTTGATATGGTGCAGGGTTCTCGCCTTCTTAGTT 
GTGAAAAGCAAGAAGATATACACTGTGTTGATATGGTGCAGGGTTCTCGCCTTCTTAGTT 
* * * * * * * ** ** * * *·* * * * * * * * * ** * * * * * * * * * •.• * * * * * *·* * * * * * * * * * * * * * * * *·* 

GCTTGTCAGTTTCTCCGTGTTATAACATTCTATTCAACTCAGCTTCCTGGCCCTAACTAT 
GCTTGTCAGTTTCTCCGTGTTATAACATTCTATTCAACTCAGCTTCCTGGCCCTAACTAT 

·······~·········~······~··························~········ 

CACTGTCGAGAGGGTTCTGAGCTTGCCAGGTTGCCAAGGCCACATAACGTTCTTGAGGTT 
CACTGTCGAGAGGGTTCTGAGCTTGCCAGGTTGCCAAGGCCACATAACGTTCTTGAGGTT 
************************************•**************~······~· 

CTCTTGCTCAACTTTCCTCGTGGTGTGATATACGGATGTGGAGACCTGATTTTCTCATCG 
CTCTTGCTCAACTTTCCTCGTGGTGTGATATACGGATGTGGAGACCTGATTTTCTCATCG 
* * * * * * * ** * * * * * * * * * * * * * * * ** * * * * * * * * *'* * * * * * * * * * * * * * * * * * * * ** * * * 

CACATGATATTCACATTAGTCTTTGTCCGCACTTACCAGAAATACGGTTCTAAAAGGTTC 
CACATGATATTCACACTAGTCTTTGTCCGCACTTACCAGAAATACGGTTCTAAAAGGTTC 
* *·* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * •.• * * * * * *'* * * * * * * * * **·* * ** *·* * 

ATAAAGCTGTTAGGTTGGGTCATTGCCATCTTGCAAAGCCTCTTGATTATTGCGTCCCGT 
ATAAAGCTGTTAGGTTGGGTCATTGCCATCTTGCAAAGCCTCTTGATTATTGCGTCCCGT 
* * * * * * * *·*·** * * ** * * * * * * * ** *·*·*·*·*·*·*·*·*·* *·*·* * *·* *·*·*·* **·*·* * * *·*·** * **·*·* * 

AAACATTACACTCT.TGATGTGGTTGTTGCGTGGTATACTGTGAACTTGGTTGTCTTCTTC 
AAACATTACACTGTTGATGTGGTTGTTGCGTGGTATACTGTGAACTTGGTTGTCTTCTTC 

·······~···· ··········~··········~·····~···········~······· 

CTCGACAAGAAATTACCAGAATTGCCTGATCGAACAACGGCATTGCTCCCTGTGATCTCN 
CTCGACAAGAAATTACCAGAATTGCCTGATCGAACAACGGCATTGCTCCCTGTGATCTCA 
*********************************************************** 

AAAAGACAGAACCAAAGAAGAGAGT~ACNAAACTCTTGAATGGGAACGGTGTTGATCCTG 

AAA-GACAGAACCAAAGAAGAGAGTCACAAA-CTCTTGAATGGGAACGGTGTTGATCCTG· 
*** ************************ ** **************************** 

CAGATCGGAGACCGAGGGCTCAAGTGAATGGCAAA-ACAGCAATGGAGGTC-CACTGATA 
CAGATCGGAGACCGAGGGCTCAAGTGAATGGCAAAGACAGCAATGGAGGTCACACTGATA 
*********************************** *************** ******** 

ATGCTACTAATGGCACATGA 
ATGCTACTAATGGCACATGA 
*************·******* 
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B' IPCS2 and At2g379t0 
I:PCS2 . ATGACAeTTTATATTCGTCGTGAATCTTCCAAGCTATGGAAGAGATT,T.TGcTCTGAGATA 
AT2G3 7 940 ATGACACTT,TATATTCGTCGTGAATCTTCCAAGCTATGGAAGAGATTTTGCTCTGAGATA 

IPCS2 
AT2G37940• 

IPCS2 
AT2G37940 

IPCS2 
AT2G37,940 

IPCS2 
AT2G37940 

. I'PCS2 
AT2G37·940 

IPC:S2 
AT2G37:940 

I·PCS2 
AT2G37940 

IPCS2 
AT2G37940 

IPCS2 
AT2G37940 

IPCS2 
AT2G379'40 

IPCS2 
AT2G37940 

IPCS2 
AT2G37940 

IPCS2 
AT2G37940 

IPCS2 
AT2G37940 

IPCS2 
AT2G37940 

* * * * * * * * * * *** * * ** * * * * * * *·**·* * * * * * * *·**·* * * * *'* * * * * *·*·** ••.•.•.• * *:*'* * 

TcGACGGAGATTGGTCTTCTTGCTGAGAACTGGAAATATCTTCTCGCTGGTCTTATCTGT 
TCGACGGAGATTGGTCTTCTTGC~GA:ACTGGAAATATCTTCTCGCTGGTCTTATCTGT 

* *·*·* * * * *·*·** ** *'* * * * *'* * * * * ** * * * * ** * ** * * * * * * * * * * * * *** * * *·* * * * ** * 

CAGTACATTCATGGTTTAGCTGCTAAAGGAGTTCATTATATTCATCGCCCGGGACCGACA 
C,P.GTACAT.TCATGGTTTAGCTGCTAAAGGAGTTCATTATATTCATCGCCCGGGACCGACA 
*·* * * * ~ * '*-* * * 'ft * * * * *·*·* * * ~ * * *·* * * * * * * * * •.• *. * * *;* * * * * *·* * ** * •.• * * *l*l* * 
CTTCAGGATCTTGGCTTCTTTCTTCTTCCGGAGCTTGGTCAAGAGAGAAGCTACATAAGT 
CTTCAGGATCTTGGCTTCTTTCTTCTTCCGGAGCTTOOTCAAGAGAGAAGCTACATAAGT 
* -it:-it * * *·* * ..... * * * *:* * * *·* * * * * * * * * * *·* * * * *·* •.• * * * *·* ** * * *·* * "'! * *·* * * * *·*·* * 

GAAAeCGTGTTCACTAGTGTGTT.TCTTTCGTTTTTCCTGTGGAeTT,TCCATCCATTCATT 
GAAACCGTGTTCACTAGTGTGTTTCTTTCGTTTTTCCTGTGGACTTTCCATCCATTCATT 
* * * * * * * *·* ** * *·* * * * * *·* * * *-* * * * * *·*·* * * *·*·*'*** *·*·* * * *;*·*·* '!t ""* *·* *. ~ *·* * * 
CTGAAAACC.AAAA:AGATATACACCGTTTTGATATGGTGCAGAGTTCTAGCATTCTTAGTT . 
CTGAAAACCAAAAAGATATACACCGTTTTGATATGGTGCAGAGTTCTAGCATTCTTAGTT' 
* *·* ** * *'*·* ***'*·* * * * *·*·* * * *·*·**·* * *:** * * *·* * * ****·** * ** * * * * ** ** * * * * * * 

GCCTGCCAGTTTCTCCGTGTTATAACTTTCTATTCAACTCAGCTTCCTGGCCCTAACTAT 
GCCTGCCAGTTTCTCCGTGTTATP.;ACTTT.CTATTCAAeTCAGCTTCCTGGCCCTAACTAT 
*J*·* * * *·* *·* * * *·*:#"* * * * * * * ** *·* * * * * * * * ~ * * * * * * .,. * * ~ * *·*·** * *;*··* * * * * * * * 
CACTGCCGTGAGGGCTCTAAAGTTTeTAGGTTGCCATGGCCCAAAAGCGCTC.TTGAGGTT' 
CACTGCCG.TG~TCTAAAGT.TTCTAGGTTGCCATGGCCCAAAAGCGCTCTTGAGGTT' 

* * * * * * * * ** * * * * * * * * * * * * ** * * * * * * * * * * ** * * * * *** * * * * * ** *•* * * * * *·* * * 

CTCGAGATTAACCCTeATGGGGTGATGTATGGATGCGGAGACCTGATTTTCTCATCGCAC 
CTCGAGATTAACCCTCATGGGGTGATGTATGGATGCOOAGACCTGATTTTCTCATCGCAC 
* * * * * * * * * * *** * * * * * * * * * *-** ** *·*·** * **·* * * * * ** * * *·*·* ** ** * * * * * *·*·* * * 

ATGATATTCACTCTAGTCTTTGTCCGTACTTACCAGAAATATGGCACTAAAAGGTTCATA 
ATGATAT,TcACTCTAGTCTTTGTCCGTACTTACCAGAAATATGGCACTAAAAGGTTCATA 
*;* ** * * * * ** * *·* * * * * * * * * * * ** * * *·* * * * *·*·* * * * *'* * * * * *:*·* * * * *·* *·* * *·* * * * 

AAGCTGTTTGGGTGGCTCACTGCAATTGTGCAGAGCCTCTTGATCATTGCCTCTCGTAAA
AAGcTGTTTGGGTGGCTCACTGCAATTGTGCAGAG~eTCTTGATCATTGCCTCTCGTAAA 

*·*·* ** *·** * **'*'* * *·* *·* * * * * *'* * * * *'*·* * * ** * * 1i * ** * * * * * * * * * ** * ** ** ······-
CATTACAGTGTCGATGTAGTTGTTGCATGGTATACTGTGAATTTGGTGGTGTTCTGTCTA 
C,ATTACAGTGTCGATGTAGTTGTTGCAT.GGTATACTGTGAATTTGGTGGTGTTCTGTCTA 
·*·* * * * *·* * * * * ...... * *** * * * * *·** * * * * ** * * * * * **·* * * * * * * ** * * ** ** * * * * * * * 

GACAAGAAATTACCAGAATTACCAGATCGGACTGCTGTGTTGCTCCCAGT~~CTCAAAA 

GAeAAGAAATTACCAGAATTACCAGATCGGACTGCTGTGTTGCTCCCAGTAATCTcAAAA 
* *·* * ** * * * * * *·* * * * * * * ** * *-** *·* *:** * * * * * * * *·* * * * * * * * * * * ** * * * * * * * * * 

GACAGAAC~GAAGAGAACCACAAGCTGTTGAATGGAAAeGGTGTTGACCCTGCTGAT 

GAeAGAAeAAAAGAAGAGAACCACAAGCTGTTGAATGGAAACGGTGTTGACCCTGCTGAT 
************~********~******•****************~****~*****~*** 

TGGAGACCGAGGGeTCAGGTGAACGGGAAGATTGACAGCAACGGAGTTCACACGGATAAC 
TGGAGACCGAGGGCTCAGGTGAACGGGAAGATTGAeAGCAACGGAGTTCACACGGATAAC 
****·******************~****·*•*********·*****************·***** 

AeAATGAATGGCGCGTGA 
ACAAT.GAATGGCGCGTGA 
** **** * * ***·** **·*'** 
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C J:PCS3 and At2g29535 
IPCS3 ATGCCGGTTTACGTTGATCGCGAAGCTCCTA:AGCTATGGAGACGAATTTACTCAGAAGCG 60 
At2g29525 ~TGCCGGTTTACGTTGATCGCGAAGCTCCTAAGCTATGGAGACGAATTTACTCAGAAGCG 60 

IPCS3 
At:2g29s2•s 

IPQS3 
At2g29525 

lPCS3 
At2g29525 

IPCS3 
At2g29525 

IPCS3 
At2g29525 

IPCS3 
At2g29525 

IPCS3 
At2g29525 

l'PCS3 
At2g29525 

I•PCS3 
At2g29525 

IPCS3 
At2g29525 

IPCS3 
At2g29525 

IPCS3 
At2g29525 

IPCS3' 
At2g29525 

lPCS3 
At2g29525 

* * * *·*'* * * * ** * * * * * * * * * * * * ** * * * * **·* ** * * *·* * * * * * * * * * * *'* * * * * * * * * ** 

ACATTAGAAGCTTCTCTTCTTGCTGAAAA.ATGGAAGCTTGTTCTTGCTGGACTTGTATT.T 12 0 
ACAT,TAGAAGC.TTCTCTTCTTGCTGAAAAATGGAAGCTTGTTCTTGCTGGACTTGTATT.T 12 0 

* * * *·* * * * * **·* * * *·* * * * * *'** * * * * * * * * * * * * * *·* * * * * .,. * * * •·• * * * * * * * ** *·* 

CAGTACATTCATGGACTTGCTGCTCATGGAGTTCACTACTTACACCGACCTGGTCCTACT 180 
CAGTACATTCATGGACTTGCTGCTCATGGAGTTCACTACTTACAC:CGACCTGGTCCTACT 180 

* * * * * * * * * * * * * *·*'* * * •.• , •.• * * * * * * * * * * * * * * * * * * * •:• * * * •·•·• * * * * *'* * * *·* * 

CTTCAAGATGCTGGTTTCTTTATTCTTcCAGCACTTGGGCAAGATAAAGCATT-TTTCAGT 2 40 
CTTCAAGATGCTGGTTTCTT,TATTCTTCCAGCACTTGGGCAAGATAAAGCATTTTTCAGT 240 

* *'* *·*·** *'* * * * * * ** * * * *·* * * * *·* * * * *"*·* * * *'*·*·* * * *·*'* * * *'*•*'*·* * * *'*·* * * * * * 
GAAACTGTGTTTGTCACTATC'l'TTGGATCATTTATCTTGTGGACATTTCATCCTTTTGTT 300 
GAAACTGTGT.TTGTCACTATCTTTGGATCATTTATCTTGTGGACATTTCATCCTTTTG'l',T 3 00 

* * * *·* * * *·*·* * * * *'*'* * * *·* * * *** * * * * * * * * * * * * * * * *·*·* * * * * *·* * * * * * * * * ** * 

TCCCACAGTAAAAAGA'!'TTGTACAGTTT'I'GATA'l'GGTGCAGAGTTTTTGTTTATTTAGCT 360 
'TCCCACAGTAAAAAGATTTGTACAGT.TTTGATATGGTGCAGAGTTTTTGTTTAT.TTAGCT 36.0 
**********~~···****·*****************·************·***********~~ 

GCTTCTCAAAGTCTGAGGATCATAACATTCTTTGCAACACAGCTTCCTGGGCCGAATTAT 420 
GCTTCTCAAAGTCTGAGGATCATAACATTCTTTGCAACACAGCTTCCTGGGCCGAAT-TAT 420 

*·*·*·* * * •.• ;. * * * * * * * * •·•·•·• * * * * * * * *·* * * * * * *'* * * * *·* * * * *·* * * ••.•.• ~. * * •·•·• * 

CA'l'TGTCGAGAAGGCTCCAAGCTCGCCAAGATTCCACCTCCAAAGA:ATGTTCTTGAAGTA ·480 
CATTGTCGAGAAGGCTCCAAGCTCGCCAAGATTCCACCTCCAAAGAATGTTCTTGAAGTA 480 

* *·* * * * * * * * * * *-* * * * * ** * **·** * * * *** * * * *·*·** * *·*·*·* ** *·** * * *·*·* * * * *'* *., 
CTCTTGATTAACT,TTcCTGATGGAGTTATATATGGTTGTGGAGATCTGATATTTTCATCA •540· 
CTCTTGATTAACTTTCCTGATGGAGTTATATATGqTTGTGGAGATCTGATATTTTCATCA '540; 

* * * * * * * * * * ** *·* *** *·* * * * * *·** * * *·* * * * * *·*·* * * •.•• * * * * * ** * * * * * * * * * ** 

CATACGATATTCACCTTAGTCTTTGTACGCACATATCAAAGATACGGCACAC<1p;~GGTGG• 6 0.0· 
CATACGATATTCACCTTAGTCTTTGTACGCACATATCAAAGATACGGCACACGAAGGTGG 600 

*·*·* * ** * * * * * *·*·* * * *·•·· * * * * * * * ** *"** * * * * * * * * * * * * * * *-* * * * *-* * * * * * * * * 

ATCAAGCACTTGGCTTGGCTTATGGCAGTAATACAGAGCATATTGATTATAGCATCAAGG 6.60 
ATCAAGCACTTGGCTTGGCTTATGGCAGTAATACAGAGCATATTGATTATAGcATcAAGG '660· 

*'*-* * * *·* * * * * * *·* * ** * * * * * * * * ** *·** * * * * * * * *·*·*:** * * *'*·*_*_* .-.-.;,-.-.-* ** * ** --
AAACATTACACAGTTGACATTGTTGTTG.CATGGTATACTGTGAACCTTGTAATGTTCTAC 7 2 0 
AAACATTACACAGTTGACATTGT.TGTTGCATGGTATACTGTGAACCTTGTAATGTTCTAC 7 2 0· 

*'*·* * * * * * * * * *·* * * * *·* * * * * * * * * * *·* * * * *·*·* * * * .,. * * * *·* * * * *·* *·*·* * * *:* * * * 

GTTGACAGTAAACTGCCAGAAATGGCAGAACGTTCTAGTGGACCTTCTCCTACGcCTTTA 7 80· 
GTTGACAGTAAACTGCCAGAAATOOCAGAACGT-TCTAGTGGACCTTCTCCTACGCC_TTTA 7.8 0 
*~***********~***************~**********·*****·*·****"*·******·**** 

CTTCCAC.TGAGCACAAAOOACAGTAAGAACAAGAGCA:AAGAAGATCATCAGAGACT-TCTA 84 0 
CTTCCACTGAGCACAAAGGACAGTAAGAACAAGAGCAAAGAAGATCATCAGAqACT'l'CTA 840 

* * * * * *·* * * * *·* * * * *·** * * **·* * * * *·* * * * *·*·* * * * * * * * ** *·* * * * **'** * * ** * * * * 
AACGAGAACAATGTAGCAGA'i'GATCAT.TGA 870 
AA<i':GAGAACAATGTAGCAGATGATCATTGA 870 
* * * * *-*·*·* * *·*·* ** * *'* * * * *·* * * **·* •.• * 

Figure- 10 Alignment.of:Cioned IP€S Genes and :Sequence• of each: Gene 

The alignment of each I 1PCS genes cloned and e(ich of the gene models are 

shown. The * shows the similarity of •the sequences. From this ail!igr'mlerit, aH 

genes were confirmed to be successfully cloned. A:lPCS_l., B:.IPCS2 and c:IPCS3. 
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3.2 Characterizing the Function of IPCS 

3.2.1 AURl Mutant Cells ·Complemented with Arabidopsis thaliana. I!PCS 

·Genes 

AURl is the gen.e which encodes the IPCS in fungi which was first discovered in S. 

cerevisiae. It ·is a vital gene, in which mutation will be lethal {Heidler and Radding F995). 

11ie AURl mutant strain which was usedl for this experiment was YPH499;.HJS~GAL

AUR'l S. cerevisea strain. This was constructed in YPH499 (Mat a; ura3-52; lys2-

80lamber; ade2-J01oc~re; hpl-6); his3.-200; leu2-1) (Stratagene). The AURl :promoter in 

.the yeast genome was exchanged by a· HilS/GAL cassette which allowed ·the expression ·Of 

rthe AURl gene under a strict control! ·of the GALl promoter. The GA!Ll ·promoter is 

~repressed in the presence o£ Glu (Denny et al: 20(i)6>• Therefore, WH4994HS-GAL

AUR1 was maintained in minimal medium lacking His withOatand R.af (See methods) to 

aJlilow expression of the AURrl gene. 

Only when the A. thaliana IPCS gene was successfully transformed, artd expressed the 

same characteristic .as AURl, the YPH499-HIS-G.AL-AUR1 was able to gr~w in Glu 

containing medi:um. 

3~2~1.1 11ransforming IPRS426 MET plasmids intoAURl Yeast Cells 

AURl mutant yeast cells were grown inr YPGR medium overnight ·and the culture were 

diluted .to an· OD600 of 0.4 in 50ml fresh YPGR medium and were grown for an additional2 

---~hours~-cells were tnaile competent and the transformationw~ carried out-foll~~ng-the 

small~scale yeast transformation protocol from Invitrogen. CeHs were plated onto SD-His

Ura medium containing Gal Raf and: incubated at 30°C for a week. 

Colonies fonned· on the plates' were sub,.,cultured onto SD:..His-Ura with Qal Raf .and SD

:His'-Ura with Glc and incubated, at 30°C for a w.eek. A:lso a colony PCR was carried .. out 

and. PCR products were separated 1by agatose gel electrophoresiso to confirm. the· presence of 

IPCS inserts (Figure 11). 
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Figure 11 Results of Colony PCR of IPCS transformante to AURl 

+-1353bp 
+-1078bp 
+- 872bp 

+- 603bp 

Plasmids containing At IPCS genes were transformed into AURl mutant cells using the small-scale yeast 

transformation protocol from Invitrogen. Cells were plated onto SD-His-Ura with Glc and a colony PCR was 

carried out on the colonies that formed. From these results, all 3 IPCS genes have been transformed into 

AURl yeast cells. The expected band size is; IPCSl: 918bp, IPCS2: 918bp IPCS3 : 870bp. 
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3.2.1.2 In vitro Complementation Assay I Functional Assay of IPCS Activity 

Cells were grown in SD-His-Ura with Gal Raf for 3days, their densities measured (OD6oo) 

and adjusted where necessary to equivalent densities with 0.9% NaCI. Cultures were then 

spotted onto SD-His-Ura with Gal Rafplates and SD-His-Ura with Glc plates. 

From these results, all AURl mutant yeast cells complemented by At IPCS grew on SD

His-Ura with Glc, which indicates that At IPCS complements the Sc AURl gene (Figure 

13). 

ScAUR1 At1PCS1 

Figure 12 Functional Complementation of AVR1 Mutant Cells 

Cells were grown on SD-His-Ura. YPH499, AURl mutant cells do not grow under the presence of Glc. S. 

cereviseia and A. thaliana IPCS complementAURJ. Data from J. G. Mina Unpublished. 

SD-His-Ura 
Glc 

SD-His-Ura 
Gal Raf 

IPC$1 2 3 

Figure 13 Functional Complementation of AVR1 Mutant Cells 

Sc 

At IPCS transformant cells were grown in SD-His-Ura with Gal Raf at 30 °C overnight. Density was adjusted 

and lOJ.1l of sample was spotted on to SD-His-Ura with Glc and SD-His-Ura with Gal Raf. 

From these results, it is concluded that At IPCS genes function as AURl. 
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3.2.1.3Biochemical Assay of Metabolic Labelling 

Further biochemical .tests were carried out to confirm the in vitro results of the AURl. 

Metabolic labelling was carried out to connrm. the ·complementation of A. thaliana IPCS 

genes ·in AIURl mutant ceUs. 

AURl mutant cells were grown in SD-His-Ura with Gal Raf, mutant cells complemented 

with S. cerevisiae IPCS and A. thaliana IPCS genes were grown in SD•His-Uta with Glc. 

For negative control, mutant cells were grown in SD-His-Ura with Glc. From this 

e~periment, mutant ·Cells grown in SD-His-Ura with ·Gal Raf, and mutant cells 

complemented with S. cerevisiae IPCS were expected to show a band with the same 

mobiHty as IPC. As Glu represses the GAL promoter, mutant cells .groW1l in SD-His.:Ura 

with Glc were e~pected1 ,to show no IPC product. From ,previaus experiments by J. ·G. Mina 

Unpublished and in vitro complementatian assay, mutant cells complemented with A. 

thaliana IPCS genes were expected ·to show a band with the same mobility as IPC. Lipids 

were separated by TLC chloroform/ methanolt (!).25% KCk 55: 45: 110 {v/v/v) (Figure ·14:). 

The Rf values far the excess NBD .. C6-ceramide and NBD-C6-IPC were taken from J. '6. 

Mina Unpublished, and were 0.96, 0.57 respectively. 
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• Ceramide 

.. Unknown 

~ IPC Product 
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Figure 14 At IPCS genes complement AURl 

The fluorescent image of TLC separation is shown. All AUR1 cells were grown in SD-His-Ura with Glc 

media expect for the positive control which was grown in SD-His-Ura with Gal Raf. Cells were labelled with 

NBD-C6-ceramide and lipids were extracted with 10:10:3 C: M: W and separated by TLC (chloroform/ 

methanoV 0.25% KCl: 55: 45 : 10). In the positive control lane (AUR1 SGR), IPC product is observed. In the 

negative control (SUR1 SD), no IPC product is found. SciPCS has a high IPC product, AtiPCS 1 is faint but 

can observe IPC product, At IPCS2 produces as much IPC as the positive control and IPC product is found in 

AtiPCS3 as well. 
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The positive contrQl; S. cerevisiae AURI grown in SD .. His-Ura witb Gal: Raf, and AURI 

complemented with S. cerevisiae ~URI grown in SD-His-tlra with Glc, gives a Rfvalue 

of which represents the IPC product and these were used as the positive control. AURI 

complemented with S. cerevisiae gives a stronger band. When the AURI mutant was 

grown in Sll·His-Ura with Glc no band of IPC product was produced and this ·is the 

negative control, AURl. Complementation of the mutant with A. thaliana I!PCS gives an· Rf 

value of the same mobility as IPC which indicates that the A. thaliana eDNA encodes an 

IPCS acti¥ity. Among three IPCS genes, IPCS2 appears to have the strongest band then· 

IPCS3 and then IPCS1I. 

3.2.1.4 Sensitivity •017 AtiPCS ·to Aureobasidin A 

An agar diffusion assay was ·carcied out to test tthe sensitivity ·of Arabidopsis iLPCS to a 

lmown inhibitor of the fungal enzyme; AhA. The S. cerevisiae IPCS and A. thaliana IPCS 

complemented ~URI mutant yeast were imbedded into SID:..His-Ura with. ·Glc medium and 

volumes of I, 2, and· 3 JLl of 2'5 p!M AhA, lmM MYR, and a control of'DMSO were 

spotted onto the surface of.the ,plates. The ,plates were incubated for 3 to 4 days at 3(i)°C and 

inhibition was determined· by lack of growth at the site of application of inhibitor.. 

FroniFigure 1'5, S. cerevisiaelPCS complementediAUR:I mutant yeast celts were.sensitive 

to AhA, ~d MYR, but not DMSO. A. thaliana IPCSl, 2 and 3 complemented AURl 

mutant yeast cells were resistant to AhA but sensitive to MYR. MYR: is known .to ·inhibit 

. _ ~PT an~ this characteri~~c hJlS ·r1ot ~~ged in At )1P~~-· co~pl~~te_d cells. Although AhA 

is known to inhibit IPCS,At IPCS complemented cells are resistant ,to AhA. 
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AbA MYR DMSO AbA MYR OMSO 

3 

2 

1 

3 

2 

1 

A. tha/iana IPCS2 A. thaliana I PCS3 

Figure 15 At IPCS is resistant to AhA 

YPH499-HIS-GAL-AURJ complemented with pRS426 Sc IPCS, At IPCSl, 2 and 3. At IPCS is specifically 

resistant to the fungal inhibitor AbA. Volumes of 1, 2, and 3 ~tl of 25 ~tM AbA, lrnM MYR and DMSO 

(control) spotted onto each yeast plates. 
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3.2.21'esting Phospollpase Activity in· Arabidopsis thaliana JiPCS Genes 

ISCl (YER019w) is a gene which has been identi:fied· to encode inositol 

pho~phosphingolipid phospholipase C (IPS,.PLC) inS. cerevisiae (Sawai et al. 2000a). 

Cells deleted in ISCl have demonstrated< negligible neutral SMase acti:vity (Sawai et .al. 

2000a). Though SM does not exist in S. cerevisiae, the. existence of N~SMase has been 

reported (EllaK 1997)• 

This raisedl the possibility that N-'SMase activity may be an in vitro activity of yeast IPS 

.phospholipase C {IPS~ PLC) (Sawai et al. 200@a)~ 

Studies from Hirofumi1 S'awai et al:, show that overexpression of ISCl in S. cerevisiae 

dramatica1ly ~increased PLC activities on IPS. And the deletion of IS01 completely 

eliminated aU IPS-PLC activities Sawai et al; 2000a. 

Therefore by complementing At l!PCS genes into ISC 1 cells,. it ~is ,possible to test whether 

At IPCS contafu an IPC~PLC actfvity. 

3.2.2.1 Transforming tpRS~26 MET plasmids Into ISCl Yeast Cells 

A transformation was .carried out using wild type (:JS91) yeast cells and ISC1 (DZV:l) 

yeast cells USillg empty pRS426 plasmid .and, A~ thaliana I!PCS 1~3 recombinant pRS426 

plasmids. Transformed cells with empty ,plasmids in wild type was called J426 and in 

mutant cells were called 0426, transformed cells with IPCS genes in mutant cells were 

called Dl, D2 and rn. 

3.2.2.2-In vivocComplementation,-of~ISCl .. Salt ''Folerance Test 

1In S; cerevisiae, toxic concentrations. ofNa+ oF Li+ ion.s induce the· expression ofthe cation

extrusion ATPase gene, ENA1 (Haro et al. 1!991). ISCJ is involved in stimulation of ENAJ 

expression and,· consequently, in mediating Na + and Li+ tolerance in yeast (Betz et a/. 

2002). Deletion of ISCJ decreased; cellular Na+ and Lt tolerance and growth was severely 

impaired ~etz et al. 2002)• Therefore, ,if At IPCS functioned as liPC-PLC~ ISCJ,, the 

mutant cells {DZVl) will Fecov:er its tolerance to salt .and sho.uld grow to ·the same density 

as wild type. Therefore, ISC1 mutant cells complemented with At IPCS genes were grown 

on various concentrations of.NaCl andi LiCli to test the sensitivity. 

Wild twe and mutant cells were grown in YPD· media and .cel'ls with plasmid were grown 

in SID-Ura media' overnight. Their densities wet:e measured: <OID6oo) and adjU$ted where 
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necessary to equivalent densities with 0.9% NaOl. Cultures were then spotted onto .SD:-His, 

various YPD {F·igure ,16) and SD-"Met pfates: (figure. 17) incubated at 30°C overnight. 

On SO-His plates, wild ty,pe P~ and wild type with an empty plasmid (.J426) did not grow 

but mutant ceHs (D) and mutant cells with an emptyplasmid,(D426) grew. This 'is because 

the ISCl gene is knocked out by a His c~sette and therefore can produce His on its own 

without it being added' to the media. Mutant cells with A. thaliana IPCS ·l-3 genes· @)l-OB) 

also grew on SD-'His plates due to the His cassette. 

On YPD plates containing various concentrations of salts, J grew to a high density except 

on high salt plates, O.SM NaCl and :0.25M 1iC1. 1426 grew to the same density as J, D and 

0426 cells which Would, confirm there was no effect of pRS426 on growth. Both ceil ~es 

were sensitive to salt as the growth on all NaCl and LiCl plates wer.e low. J grows on 0~4M 

and O.SM NaCl and O;(iHM LiCl, but D does not. Therefore this :is the nrlnimutn 

complelllentation that would be ·expected if the At IPCS functions as ISCl. For all At IPCS 

transfo:tniants, D 11, 02 and 03, ate sensitive to salt as D cells. From Betz eta/. 2002, isc1lA 

cells are sensitive to salt. If At IPCS functioned as ISC 1, cells would have ,grown ~ wild 

.type, tolerant to salt. As the tFansformedl cells were sensitive to salt, it would suggest that 

At IPCS does not have the function ofiSCli. 
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J D J426 0426 01 02 03 

SO-His 

YPD 

YPD 0.4M NaCI 

YPD O.SM NaCI 

YPD 0.8M NaCI 

YPD 0.01 M LiCI 

YPD 0.25M LICI 

Figure 16 In vivo Complementation Assay of ISCl on YPD Media 

J and D were grown in YPD, all other samples were grown in SD-Ura overnight. Sample's density were 

adjusted and spotted on to various YPD plates. 

From various YPD plates, the plasmid bas no effect on the growth, and mutant cells are sensitive to salt 

which support previous results (Betz et al. 2002). If At IPCS functioned as ISCI , the reverse reaction of IPCS, 

the At IPCS transformed cells would be salt tolerant. As these results show the transformed cells are salt 

sensitive, suggesting that At IPCS does not act as ISC I. Experiment was repeated three times. 
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As plasmid pR,:S426 MET is known to be suppressed by the ex·istence of Met {Schwank et 

al. }1997), plates with SD-Met containing various ·salt concentrations were ,prtlpared and 

yeast cells were spotted as YPD plates. 

This was conducted to eliminate the possibility of the transformed cells being sensitive to 

salt due to the promoter being suppressed by Met and not allowing At IPCS genes to be 

expressed. As all ·Cells grew to a similar density on YPD, it would .be expected that Met 

will not have a massive effect ·On suppressing the promoter of pRS426. 

As cells were grown on minimal media, the ·density was not as high of that ,of YPD. J and 

J426 show gro:wth ·in the presence of 0.4M, '0.5M and 0.8M NaCI1 and O.<HM LiCl, but D 

and D426·do not. There is no difference in~the growthofDand li}1}, D2, D3 which confirm 

tne results on YPD plates that At IPCS ·does not have the function1 ofiSCl .. 
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J D J426 0426 01 02 03 

SO-Met 

SO-Met 0.4M NaCI 

SO-Met 0.5M NaCI 

SO-Met 0.8M NaCI 

SO-Met 0.01 M LiCI 

SO-Met 0.25M LiCI 

Figure 17 In vivo Complementation Assay ofiSC 1 

J and D were grown in YPD, all other samples were grown in SD-Ura overnight. Sample's density were 

adjusted and spotted onto various SD-Met plates. This was to confirm the effect of Met on pRS426 as it is 

known to suppress the promoter. 

Comparing the growth of cells with plasmid and without, there is no difference in the density. This would 

suggest that Met had no major effect on pRS426 and the At IPCS genes were expressed, and the various YPD 

media results are reliable. 

As results from YPD media, IPCS complemented mutant cells are sensitive to salt, which would suggest that 

At IPCS does not function as ISCl . Experiment was repeated three times. 
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3.2.2.3 Biochemical Assay of IPC-PLC Activity ,by Metabolic Labelling 

Further biochemical tests were carried out ,to confirm the in vivo complementation results 

of ISCl. Metabolic labelling was caniedl out to confirm the non complementation of A.· 

thaliana IPCS genes· in ISCl mutant cells by testing an increase in N-SMase activity in At 

IPCS containing ISCl mutant cells. 

All cells J426, 0426,01, 02 .andi D3 were grown in SO..;Ura. 2 x 107 cells were labelled 

with 2.5JJM NBD-C6.;SM and, incubated for 1} hour. Following lipid ·extraction, equal 

amounts ·of fluorescence were spotted and ·lipids were separated by TLC with a solvent of 

chlorofonn/methanoVl5mM CaC12 60:35:8 ('vlv/v) (Figure 18). 

The positive control, J426 gives . an Rf value of which represents ceramide (0.93). The 

negative control' 0426, .gives no band of ceramide, and rthe complementation of mutant 

with A~ thaliana IPCS' does not gi:ve ~ bandt size ·ofcerantide. 

From these results, ceramide was· detected only in wild type (J426~. All mutant types, 

0426, En, 02 and 03, did not give a Rf value of ceramide. This would suppon the salt 

toleranc~ test that At IPCS does not function as ISCl. 11he· Rf value calculated was, 

ceramide 0.92and NBO-C6-SM 0.37. 
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... Ceramide 

• Sphingomyelin 

0426 01 02 03 J426 

Figure 18 TLC ofiSCl complemented by AtiPCS genes- Metabolic labelling 

The ISC1 mutant DZV containing At IPCS 1, 2, and 3 were metabolic labelled with NBD-C6-SM. All cells 

were grown in SD-Ura. 2xl07 cells were labelled with 2.5/-'M NBD-C6-SM for 1 hour. Lipids were extracted 

with C/M/W and separated by TLC (chloroform/ methanoV 15mM CaC12: 60: 35: 8). The Rf values for 

cerarnide and NBD-C6-SM were 0.92 and 0.37 respectively 
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4. Results - Expression of IPCS Genes in Arabidopsis thaliana 

The e:x:pression level of these A~ thaliana IPCS genes have never been quantified before. 

Only one· gene type~ At2g37940 (11PCS2), can be faund at genevestigator 

(https://www.genevestigater.ethz.chD for microarray data. The signal intensity values have 

arbitrary units that are scaled to the total abundance of transcripts within a sample. The 

mean,signal value is• set as 1i(i)(i)0, and the background range is 0-l!OO. From this data, IPCS2 

was found to· be exptessed highly in senescent leaf of appro:x:imately 4,200. Expression .af 

cauline.,leaf, rosette leafand roats was approximately2,400, and siem, flowet, and sHiques 

were, approxhriately 1 ,000. Also £rom genevestigator data, mutation in fls2~ 17 resulted ~in a 

faur times lower .e:x:pression of jpCS2. This value is also calculated when' the mean signal 

value is set as l,Ooo~ FLS2 is a flagellin receptor gene and fls2-1'7 is a flagellin-insensitive 

mutant. A mutation in cpt:S :scvl; (cptS, constitutive expressers of pathagenesis-related gene, 

encodes a novel transmembrane pretein which is :invelved in cell proliferation and cel1l 

death control and scv1 is S. cerevisiae virus l): increased the e:x:pressian three times. 

!freattn.ent with anoxia(+), UV filtered. WG32'J and h~at decreased ,the e:x:pressiqn twice. 

Whereas chitin (+) and! azane increased the expression three times, and cycloheximide ( +) 

and syringolin (+) increased the expression four times. Other various chemicals and' stress 

do not have a severe impact on the expression·ofiPCS but, a few do and by identifying the 

effect of these stimulants, can lead to further understanding af these genes. 

To understand the expressian afall three IPCS genes in various plant tissues, a Q-PCRwas 

carried-out with variaus A, thaliana plant materiaL- - - · 

To be able to campare the expressian of gene in each material', standard curves were 

created. Also each primer sets were optimised to its highest efficiency to compare the 

expression level of different genes within the sample. 

4.1 Gene Specific Primers for Real Time PCR 

:Far real· time PCR, primer sets which amplify approximately 150 bp were designed. These 

primers were designed to amplify each specific gene to aHow gene-speci:fic 

characterisation of transcripts. 

As the figure below shows (Figure 1'9), there is a high homology between these three genes, 

therefore primet sets were carefully designed so that the targeted gene would be 

specifically amplified. 
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The gene specific primer sets are shown in Table 6 and highlighted in Figure 19 showing 

the alignments. 
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At2g29525.1 
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At2g29525.1 
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At2g29525 . 1 
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At2g29525.1 

At3g54020 
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At2g29525.1 

At3g54020 

At2g37940 

At2g29525.1 

At3g54020 

At2g37940 

At2g29525.1 

At3g54020 

At2g37940 

At2g29525.1 

At3g54020 

At2g37940 

At2g29525.1 

At3g54020 

At2g37940 

At2g29525.1 

At3g54020 

At2g37940 

At2g29525.1 

ATGACGCTTTATATTCGCCGCGAAGCTTCCAAGCTATGGAGGAGATTTTGTTCGGAAATA 60 

ATGACACTTTATATTCGTCGTGAATCTTCCAAGCTATGGAAGAGATTTTGCTCTGAGATA 60 

ATGCCGGTTTACGTTGATCGCGAAGCTCCTAAGCTATGGAGACGAATTTACTCAGAAGCG 60 

*** * **** ** ** *** ** * ********** ** *** ** ** 
ACAACGGAGATTGGTCTCCTCGCTGAGAACTGGAAATACCTTCTTGCTGGTCTTCTCTGT 120 

TCGACGGAGATTGGTCTTCTTGCTGAGAACTGGAAATATCTTCTCGCTGGTCTTATCTGT 120 

ACATTAGAAGCTTCTCTTCTTGCTGAAAAATGGAAGCTTGTTCTTGCTGGACTTGTATTT 120 

* ** * *** ** ***** ** ***** **** ***** *** * * * 
CAGTATATTCATGGTTTAGCTGCCAGGGGAGTTCATTATATTCATCGGCCAGGACCAACG 180 

CAGTACATTCATGGTTTAGCTGCTAAAGGAGTTCATTATATTCATCGCCCGGGACCGACA 180 

CAGTACATTCATGGACTTGCTGCTCATGGAGTTCACTACTTACACCGACCTGGTCCTACT 180 

***** ******** * ***** ******** ** * ** ** ** ** ** ** 
CTTCAAGATTCTGGCTTTTTTGTTCTTCCGGAGCTTGGTCAAGATAAAGGCTTCATAAGT 240 

CTTCAGGATCTTGGCTTCTTTCTTCTTCCGGAGCTTGGTCAAGAGAGAAGCTACATAAGT 240 

CTTCAAGATGCTGGTTTCTTTATTCTTCCAGCACTTGGGCAAGATAAAGCATTTTTCAGT 24 0 

***** *** *** ** *** ******* * ***** ***** * * * * *** 
GAAACTGTGTTCACTTGTGTATTTCTTTCATTTTTCCTGTGGACTTTCCATCCTTTCATC 300 

GAAACCGTGTTCACTAGTGTGTTTCTTTCGTTTTTCCTGTGGACTTTCCATCCATTCATT 300 

GAAACTGTGTTTGTCACTATCTTTGGATCATTTATCTTGTGGACATTTCATCCTTTTGTT 3 00 

***** ***** * * *** ** *** ** ******* ** ***** ** * 
GTGAAAAGCAAGAAGATATACACTGTGTTGATATGGTGCAGGGTTCTCGCCTTCTTAGTT 3 6 0 

CTGAAAACCAAAAAGATATACACCGTTTTGATATGGTGCAGAGTTCTAGCATTCTTAGTT 360 

TCCCACAGTAAAAAGATTTGTACAGTTTTGATATGGTGCAGAGTTTTTGTTTATTTAGCT 360 

* * ** ***** * ** ** ************** *** * * * **** * 
GCTTGTCAGTTTCTCCGTGTTATAACATTCTATTCAACTCAGCTTCCTGGCCCTAACTAT 420 

GCCTGCCAGTTTCTCCGTGTTATAACTTTCTATTCAACTCAGCTTCCTGGCCCTAACTAT 420 

GCTTCTCAAAGTCTGAGGATCATAACATTCTTTGCAACACAGCTTCCTGGGCCGAATTAT 420 

** * ** *** * * ***** **** * **** *********** ** ** *** 
CACTGTCGAGAGGGTTCTGAGCTTGCCAGGTTGCCAAGGCCACATAACGTTCTTGAGGTT 4 8 0 

CACTGCCGTGAGGGCTCTAAAGTTTCTAGGTTGCCATGGCCCAAAAGCGCTCTTGAGGTT 480 

CATTGTCGAGAAGGCTCCAAGCTCGCCAAGATTCCACCTCCAAAGAATGTTCTTGAAGTA 480 

** ** ** ** ** ** * * * * * * *** ** * * * ****** ** 
CTCTTGCTCAACTTTCCTCGTGGTGTGATATACGGATGTGGAGACCTGATTTTCTCATCG 540 

CTCGAGATTAAC---CCTCATGGGGTGATGTATGGATGCGGAGACCTGATTTTCTCATCG 537 

CTCTTGATTAACTTTCCTGATGGAGTTATATATGGTTGTGGAGATCTGATATTTTCATCA 540 

*** * * *** *** *** ** ** ** ** ** ***** ***** ** ***** 
CACATGATATTCACACTAGTCTTTGTCCGCACTTACCAGAAATACGGTTCTAAAAGGTTC 600 

CACATGATATTCACTCTAGTCTTTGTCCGTACTTACCAGAAATATGGCACTAAAAGGTTC 597 

CATACGATATTCACCTTAGTCTTTGTACGCACATATCAAAGATACGGCACACGAAGGTGG 600 

** * ********* ********** ** ** ** ** * *** ** * ***** 
660 

657 

660 
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AAACATI'ACACTGTI'GATGTGGTI'GTI'GCGTGGTATACTGTGAACTTGGTI'GTCTI'CTI'C 7 2 0 

AAACATI'ACAGTGTCGATGTAGTI'GTI'GCATGGTATACTGTGAATI'TGGTGGTGTI'CTGT 717 

AAACATI'ACACAGTI'GACATI'GTI'GTTGCATGGTATACTGTGAACCTI'GTAATGTI'CTAC 720 

********** ** ** * ******** ************** * ** * **** 
CTCGACAAGAAATI'ACCAGAATI'GCCTGATC 

CTAGACAAGAAATI'ACCAGAATI'ACCAGATC 

GTI'GACAGTAAAC 

* **** *** * * 

TGATCTCA 78 0 
. . • • • . • . • el· TAATCTCA 777 

GTGGACCTI'CTCC ACGCCTTI'A 780 

AAAGACAGAACCAAAGAAGAGAGTCACAAACTCTI'GAATGGGAACGGTGTI'GATCCTGCA 840 

AAAGACAGAACAAAAGAAGAGAACCACAAGCTGTI'GAATGGAAACGGTGTI'GACCCTGCT 837 

CTI'CCACTGAGCACAAAGGACAGTAAGAACAAGAGCAAAGAAGATCATCAGAGACTI'CTA 840 

GATCGGAGACCGAGGGCTCAAGTGAATGGCAAA---GACAGCAATGGAGGTCACACTGAT 897 

GATI'GGAGACCGAGGGCTCAGGTGAACGGGAAGATTGACAGCAACGGAGTI'CACACGGAT 897 

AAC--GAGAACAATGTAGCAGATGATCATI'GA---- ------ - --- -- -- ----- - -- - - 870 

AATGCTACTAATGGCACATGA 918 

AACACAATGAATGGCGCGTGA 918 

Figure 19 Alignment of IPCS Genes and Designed Primer Pairs 

Alignment was carried out using Clustal W, and primer sets were designed to amplify the specific gene, 

approximately 20bp, with no four identical bases and preferably with a G or C at the end to strength the 

binding. Expected product size was, IPCSl 135bp, IPCS2 135bp and IPCS3 141bp. 

Table 6 Gene Specific Primer Pairs 

Forward: AGCCTCTTGA TT A TTGCGTC 
IPCS I 

Reverse: AACAACGGCATTGCTCCCT 

Forward: AGCCTCTTGATCATTGCCTC 
IPCS2 

Reverse: GACTGCTGTGTTGCTCCCA 

Forward: TGGCTTATGGCAGTAATACAG 
IPCS3 

Reverse: GCCAGAAA TGGCAGAACGTTCT 
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4.2 Optimising Primers for 150bp IPCSAmplicons 

A PCR using the standard' method was carried out to continn the speci:ficity .of these 

,primer sets. 

The annealing temperature was calculated using {2(A+T) + 4~G+C)}-5. 

From this formula, an annealing temperature of 56 oc was selected, which would eover .all 

·three primer sets. PCR products were ,electrQphoresed on a 1.5% .agarose ~gel to· separate the 

bands as the amplicon size was small (Figure 20). !1,5% agarose gel was· sufficient to 

resolve .these bands as ,the minimum ·difference in PCR product size is 1100 - 200bp 

~www.gel-electrophoresis.com/gels/articles/agarose-gel-electrophor.esis/)! 

Only a faint band andi some non:..specific bands were found. Th.ese non-spedfic bands were 

confirmed as genomic DNA contamination as calculating the base• pairs of gDNA gave the 

band size of the· product.. The band' size of gDNA is (JPCSr: 208bp, IPCS2: 33,1bp .and 

,JiPCS3: 228bp. For eDNA the expected· band size was IPCS·1: 145bp, IPCS2: 145bp and 

IPCS3: 141 bp. 

Following this conclusion, a DNase treatment was carried: out on the RNA according to 

methods and another RT -reaction followed 1by PCR was carried out to• compare the results. 

The RT -PCR using both DNase treated. RNA, and a non treated RNA was carried' out using 

3 miyl ofMgCh at 52°C (!Figure 211). Temperature was lowered as ·the bands were faint at 

56°C. 

From this result, it was ~lear •.that the RNA preparation was contaminated! with· :gDNA, and · 

__ fQt: -~hs~ql.,l~nt_procedures, an _on-column DNase digest was_carried out to remove_gDNA 

contamination. 
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:-1353bp1078bp 
._872bp 
+-603bp 

+-310bp 
+-271bp 

Figure 20 PCR Product of IPCS Amplicons from A. thaliana eDNA 

PCR with 1.5mM MgCh and an annealing temperature at 56 oc was carried out to amplify IPCS amplicons 

for Real Time PCR. eDNA was used from A. thaliana total RNA as template. Bands are faint and 

contamination of genomic DNA was observed. 

Amplicons from 
gDNA { : 

Amplicons from 
eDNA 

IPCS1 

NT T NT 

2 3 Marker 

T NT T 

Figure 21 PCR Results ofiPCSAmplicons- RNA with and without DNAse Treatment 

PCR products of IPCS amplicons with RNA being treated with DNAse and without. NT: not treated, T: 

treated. From these results, the larger bands were confirmed as gDNA. The expected band size of gDNA was; 

IPCSl : 208bp, IPCS2: 331bp and IPCS3: 228bp. Annealing temperature of PCR was 52°C and 3mM of 

MgCh. 
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Further to obtain a stronger band, a robocycler was ,carried out to optimise the tempetature 

and' MgCh concentrations for each primer pair.. The optimal temperature and! MgC12 

concentration for each primer sets wm:e detemlined as below Table 7. 

Table 7 Optimised Primer Set ConditiOns 

II, 1: temperatur~~C) MgCh~PIM) 
i 

I' I' t IPCS~l l!SGbp P·rimer Sets 
I 

52 3 I; 

I 

IPCS2 1!50bp Primer Sets I 52 3 'I I' 
II 

t IPCS3 1150bp }»rimer Sets' 
I' 

52 4 ,, 

No bands were ,observed with .single primer controls· on10 target controls. 

4.3 Confirming specificity of 150bp Pr.imers 

To confirm these primer pairs .specifically amplified the speci,fic IPCS gene, a PCR was 

cmiied out using the three cloned full length IPCS cDNAs as templates With all three 

primm: pairs. The results confirmed that these primers are gene specific €figure 22); The 

expected band ~size of the PCR products were IPCS 1: li45bp, IPCS2: l45bp and IPCS3: 

~14lbp. 
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Cloned full length IPCS2 
1 2 3 ~arker 

1: IPCS1 Primer 
2: IPCS2 Primer 
3: I PCS3 Primer 

+-200bp 

+-100bp 

Figure 22 Confirming Specificity of IPCS Primer Sets 

A PCR was set up with previously cloned IPCS genes to confirm the specificity of IPCS 150bp primer sets. 

The PCR programme was run at the optimised conditions (see table). From these results, it was confirmed 

that IPCS primers only amplify the targeted genes. Expected band size of the PCR was IPCSl: 145bp, 

IPCS2: 145bp and IPCS3: 141bp. 
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4.4 Expression of IPCS genes in Arabidopsis tissues (QPCR) 

After optimizing the primer pairs for the targeted gene, Q-PCR was conducted to quantify 

the expression of each gene in various plant tissues. 

4.5 Preparing Samples 

Samples of plant tissues from root, rosette leaf, cauline leaf, stem, flower, seed siliques and 

senescing leaf were collected at each development stage. These target points were 

determined using ~Boyes eta/. 2001). Rosette leaves were collected at stage 3.90, cauline 

leaves and stem were collected at stage 5.10, roots and flowers were collected at stage 6.50, 

siliques were collected at stage 8.00, and senescing leaves were collected when a quarter of 

the leaf was starting to senesce. From these samples, RNA was isolated according to 

manufacturer protocol (QIAGEN)~ As it was demonstrated that gDNA would be carried 

over, an on-column DNase step was included into the· RNA extraction procedure. 

The quality and quantity of RNA are described in Table 8. The A260/280 shows the purity 

of the RNA and when between 1.7 and 2.0 it is considered good RNA. A260/230 shows 

polysaccharide contamination and between 2.0 and 2.3 indicates good RNA (Agilent 

Fluorescent Direct Label Kit Protocol). From this, it was considered the quality of RNA 

was sufficient enough to carry out subsequent ex:periments. 

Table 8 Extracted RNA Samples 

,, 
Sample Dg/#LI 

~ ' 
260 

230 280 

Roots 230 2.34 2.13 

Rosette Leaves 203 2.36 2.14 

Cauline Leaves 502 2.35 2.08 

Stem 907 2.44 2.14 

Flower Buds 711 2.35 2.14 

Siliques 169 1.84 2.08 

Senescing Leaf 311 2.17 1.66 

The RNA yield of senescing leaf was extremely low. Several RNA extractions were 

carried out and RNA was precipitated using LiCI. Sample was re-suspended in 1'0/L'l ofMQ 
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and the quantity shown in Table 8 is after precipitation. Using 2p.g of total: RNA, a R1'~ 

Reaction was iCanied·out and eDNA were ,prepared. 

4.6RT:-PCR 

To· quantify the expression of each RNA in the tissue, real-time PCR was carried out. 

4. 7 Primer Optimization 

Prior to this, the primer concentrations were optimised to the optimum sensitivity for each 

primer template concentration. 'Fhis is due to the fact 1that primers have different binding 

.efficiency depending on their sequence. As optimization of real'-time PCR is cruCial for 

reliable· and reproducible results, it is iinportant to optimise primer and sample 

concentrations as well as temperatpres .and' times ~Chini et al. 200r?). 

It is known that by changing .a single n.ucleotide in, the primer can change the Gr. v~lue 

(Werbtouck ·et al. 2007). For end-point PCR, primer optimization is not a crucial1 step, but 

for real-tiine. PCR, it can have a big effect on .the CT value; U each primer was not 

·optimised to its most sensitive concentration, the amplification efficiency would1 be 

variable and therefore the results between different genes will not be·comparable. 

Various primer concentrations were· prepared as described in methods, and a RT-PCRwas 

can:ied out ,to find' the optimal pruner concentrations using each cloned plasmid DNA as 

the template . 

. E:ro111 .th~e r~s.ults, it _w~ c.onfi.m1_e.d.'that _the highest _primer _conc~tration combinati<ms 

(6JXM of forward: and reverse primer). .gave the lowest Ct values (FigUre 23). Therefore, 

subsequently higher primer concentrations wete car.ried out (Figilre 24), 

Results of the Gr value and the efficiency suggested that for IPCS1, l!0f:JM of forward and 

1 0~ of ,reverse primer, for IPCS2, 8J:LM ·of forward and 8JJ,M of reverse and for IPCS3, · 

8pM of forward and 1 OJ!M of reverse primers were the optimal primer concentrations. 
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Fluorescence 

15 

Figure 23 Primer Optimization 

Real time PCR was carried out to optimise primers. Depending on primer concentrations, the take off value 

varies. The lower the primer concentration, the later the take off value is. Also in lower forward primer 

concentration, the take off value is earlier when reverse primer concentrations are higher. This indicates that 

depending on both forward and reverse primer concentrations, the efficiency of the PCR will change. From 

these results, 61J.M of forward and reverse primer gave the lowest Cr value. Therefore, higher primer 

concentrations may give lower Cr values. 
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Figure 24 Further Primer Optimization 

Further primer optimization was carried out to find optimal concentrations. From these results, when primer 

concentrations are over a certain point, it does not change the efficiency of the amplification. From this, it 

was concluded that for IPCSl , lOJAM of forward and lOJAM of reverse primer, for IPCS2, 8JAM of forward 

and 8JAM of reverse, and for IPCS3, 8JAM of forward and lOJAM of reverse primers are the optimal primer 

concentrations. 
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4.8 Creating Standard Curve 

After the optimal primer concentrations were determined, a stanwud curve was created for 

.each IPCS- .gene. 

A serial :dilution. of ·each gene speci<tic plasmid DNA were pt:epared froin 1 0"2 to- 1}10·
9 

• .A.s 

the amount of each RNA added to the reaction is' known, by malcing a serial dilution, a 

·standard curve can .be created. Once a sqmdard curve is created, by comparing the 

fluorescence ,produced, the amount -of sample can be determinett 

A result ofthe-IlPCS3 standard curve is shown in Figure 25. 

The values of each standard curve are .shown below ffable 9)• 

Table 9 Values of. Standard Cur:ve 

IPCSl IPCS2 FPCS3 
! 

R 0~99 0.99· 0.99· 

R:z 0.99 0.99 10.99 

M -3.12 -2.79 -3.li9 

Efficiency 1.09 1:.2s 1.06 

'ifhe optimal value for M and R2 ate -3.322 and :0.99 respectively. This i~ the .slope of the 

formula which represents the ·efficiency of the- ampHfication. When the M: value is higher 

than -3J22, primet:S .and probe concentrations, MgCh or SYBR-Green I concentrations 

should' be optimized. When theM value is- 1low~ than -3-.-322,--it- suggests that~there--is a-

disproportionate digestion of probe· compared: to -the amplicon produced ~Oper!,lter Manual 

Rotor..;GeneTM 3000 Real Time Thermat Cycler) . .Mthough for IPCS2, ,theM va!lue is lew, 

as the. R value is :Close to optimal, the standard curve was used to· quanticy the sampl'es. 

'These standard curves were imported inte the sample run to quantify each gene expressed 

in samples. 
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Figure 25 StailCiard Curve 

A standard cUlVe was created by a serial dilution of gene specific plasmid DNA. As' the amount ofDNA in 

the !plasmid is known, .the number of target molecules can be calculated to quantify the samples. As the 

details of the standard' curve are given in table 9, only the graph ofiPCS3 is given. Both-IPCS 1 andi 2 show 

similar results to IPCS3. 
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4.9 ·Quantitative PCR 

After optimising the primers and creating a standard curve, a quantitative PCR <Q-PCR) 

was carried out ,to quantify the IPCS' expressed in each tissue. 

·eDNA synthesized from 0.4P,g total ~:A was added to each s~ple. As not enough 

material was collected for ·triplicate results on sen:escing leaves, only one Q-PCR wa:s 

:carried out. Triplicates were camed out for other material. 

4.1 0' Quantification of IPCS ·Gene Expressed 

The ~expression levels of :each IPCS gene in different plant materials were calculated by 

impomng the standard curves. 11he moles of each eDNA was ca:lbulated from the fact that 

1lp.g of lKb DNA is 1.5pmol. By using· the avogadro numbers, the copy number of,each 

.gtme was calculated'. 

Although an absolute quantification can be calculated by imponing standard curves, :as the 

ampU:fication efficiettcy and the efficiency of the reverse transcript for each gene is 

different, ~it ~is, extremely difficult >to carry out absolute quantification among other genes. 

Although, for the reverse transcript, as :the three glelles have highly ,similar seqJ,len~es, it 

could be. assumed that the efficiency ·Of the reaction is similar. :For the amplification 

efficiency, although ~the M value for IPCS2 :is· lower, as each primer sets were optimised, 

and· the R2 value is 0~99, it could be .assumed that the effi.ciency of the amplification of 

these• gc;:nc;:s were similar. 

. _ An9thc;:r. •thing t9 c~:msider wh:en :inlp_orting a _standard curv:e .is ~that the~v-ariations of 

reagents, primers, and probe '(sequence alterations and fluorescence intensity), day-to-day 

·Or sample-to-sample variations will notbe covered (Pfafil2004). 

Under the understanding of the possible efficiency differences, all expressed genes were 

quantified and compared (Figure 26). It should be noted ,that the (Y) axis is in logarithmic 

scale. From these results, IPCS2 is the most expressed gene among the three~ In root, 

IPCSl is expressed Gnly F% .ofiPCS2. IPCS2 is highly expressed in root, cauline feafand 

rosette leaf. Although IPCS2 is the most abundant gene, for stem and flower; IPCS3 is 

expressed as much as IPCS2. 

EST and eDNA data of these genes from T AIR support these results where IPCS2 is the· 

predominant gene and then IPCSl and IPCS3 (!fable 10)• In IPC$1, eDNA was found 

using Whole plants (2). In IPCS2~ eDNA was found using whole plant :(4)~ flower & lbudS 

:(1) .aad1 when a callus was treated' with hormone. In IPCS3; ciDNA was found! using whole 
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1plant (4) and flower & buds (3)~ The EST in ,IPCS:l comes from, whole plant (58%} and 

rosette ~leaf{42%). For IPCS2, whole plant (65%~, rosette :leaf(26%), seedlings (5%)and: 

senescence leaf (3%), For IPCS3, whole plant (44%), fleral buds and roots .~44%)- .and 

rosette lea€(12%). 

Table 10 EST Bild eDNA in each IPGS Gene 

EST eDNA. 

IPCSl 32 2 

IPCS2' 57 6 

IPCSJ, 25 7 

Microar.ray data is only avai:lable for IPCS2 in genevestigator. 'Fhe data for each tissue· is 

shown in T~ble 11. The signal intensity values !have arbitrary units that are scaled' to the 

total abundance oftranscripts within a sample. The mean signal value is set as 11000, and 

the back:ground range is 0-100~ 

Table 11 Microarray Data for IPCS2 
'' 

Root Rosette Lea£ Cauline Leaf i Steiil Flower SiHqu~s Senescing Leaf 

2383 2135 2509' i 1167 998 705 4236 
I 



1 .ooo ,qoo .. ooo 

Root 

Figure 26 Quantification of IPCS transcripts per microgram of total RNA 

Comparing the expression of IPCS genes in various plant tissues, IPCS2 is expressed the most atnong all 

genes. lt is particularly highly eJ~.pressed in root, rosette le~f and cauline leaf. In stem. 343 flower, IPCS"3 -is 
expressed as much as Jl>CS2. From these resul.ts, IPCS2 is the predominant gene, and the genes ate expressed 

in a tissue depeJident mani1er. It should be noted tnat the (Y) axis is in logatith.ttiic scale. Therefore the 

expression of IPCS 1 in root is only 1% of the ¢XJi)tession in IPCS2. The relative expressions of the samples 

are expressed in percentage. tl'iplioate assays were cartied out except for senescing leaf. 
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Although the ·results here are not ·a perfect match to the data .obtained, Jhe general trend 

appears to be sim.Har. Where ·root, rosette leaf and cauline iea:f are expressed. ~most and then 

:stem, flewet and siliques. In microarray data cauline leaf is ·expressed higher thannroot;, but 

as the assay is only done .three times, the results a:re 1lot as· reliable. Also as the expressioB 

level varies depending on• the development stage of the tissue, if!the data col1lected for the 

microarray was a di:fferent developmental stage to the samples which were been tested, this 

would have affected the results. For seeds, results obtained in Q:.PCR are higb.er .than stem 

and flower, but in microatray data it is lower. This may ,also he due tQ, dftferent 

developmental stages. For senescing leaf, in microarray data, it is expressed the• most 

where as iB··Q .. PCR it was the lowest. This could be due to the difficulty in collecting the 

samples and due .to low quality RNA. As mentioned in 4.2, extraction of RNA from 

senesCing :lea:f was extremely di:fticult and only low amount and low quality RNA was 

obtained'. As only single experiments were earned out for seriescirtg leaf, further 

experiments are needed to test and confirm the expression level. 

Comparing the data to the eDNA obtained from genevestigator, the high expression of 

.IPCS3 in flower matches the data for eDNA in IPCS3 as three cPNAs were found in 

flower. Thi's could suggest that IPCS3 is pFedominately expressed in flower tissue. Also 

the higher eDNA found: ·in IPCS2 compared to IPCSl matches the QPCR results where 

IPCS2 is constantly highly expressed compared to IPCS,l. 
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5. Discussion 

In recent yeats, many sphingolipids have been discovered~ and their impmtance has been 

understood using mutant yeast cells· to identify and chaFacterize .plant sphingolipids. 

Recently plant IPCS acti:W.ty has been measured in plant e~tracts @lromley et al. 2003}, but 

no plant ortli.ologue of the yeast gene encoding this activity was visible in databases 

(Lynch and Dunn 2004). Identification of an 'lPCS in Leishmania (Denny et a/. 2006)> has 

subsequently allowed or:thologous IPCS genes to be identified ·in A. thaliana (J. G. Mfua 

Unpublish¢)• 

The three ]rigbly related\ 1PCS sequence orthologues were cloned' from A' . .thaliana eDNA 

and transformed into the yeast~E. coli shuttle vector :pRS426 MIET as a basis for 

investigating the encoded actiVity. 

5.1 Function QjAt JPCS 

Results ftom rescuing YPH499"-HilS-'GAL-AUR1 S .. cerevisiae with At IPCS-pRS426 

indicate that the. three At IPC8 sequences complem~t the function of AURl, which is the 

IPCS that catalyzes the transfer of inositolphosphate from phosphatidylinositoli to cer.amide 

producing diacylglycerol and IPC. AlsQ further studies ·in in vitro metabolic labelling 

suppor.ted the results that At IPCS functionally celilplement AURl. As ther.e is no 

functional equivalent ·of iPCS ,in animals, this r.aises. ~the possibiUty of developing specHic 

inhibitors that do not affect mammals which will act as an herbicide. 

_ ~$_ tb~ ID~ali~ ·splringo:rnyelin s;ynthase __ equivalenLto· IPCS, carries out the (reverse). 

phospholipase reaction, the functien of ·reverse r-eaction of IPCS, iilQsitol 

phosphoshingolipid phospholipase G {IPS-PLC}, was tested for further chaxacterization of 

At IPCS. As isclLl ; iscl deletion mutant.has been shown to be sensitive to; salt (Betz et al. 

2(i)02), a salt tolerance test was canied out and these results suggests that At IPCS' does not 

have IPS'"PLC function;. in vitro metabolic labelling also supports these results. This would' 

suggest that, like yeast, plants possess. a different enzyme for phospholipase· activity ·~Sawai 

et .a/. 2000b). However., this enzyme has yet to be identified. From anionic phospholipid~ 

selective binding study of ISCJ in yeast ·dentonstrated that the interaction of theN-terminus 

and the, G-tenninus. is required for activity oflsc~lp, and· the secoad transmembrane domain 

(TM2) and the C ~tenninl:lS are required forphosphatidylserine (PS) binding {Okamoto .et ,a/, 

2002). ilsclip was found: to interact specifically and directly with .PSI cardiolipin l 

phosphatidylglycerol by 'lipid-protein .overlay assays (Sawai et al. 2000b~, which sugg~sts 
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that the :catalytic domain in the iN terminus.af lsclp is pulled to the membrane to interact 

with substrate' irt· the presence of PSI CII PG (Okamoto et al. 2002)~ By looking at the 

sequence afthe TM2, C temrinus and N term.inus, it Ilright be possible to identifY ISCJ in 

plants. As IPCS was identffi.'ed in ,plants. by aligning many ~species, employing the same 

method might also fadlitate ~in iden:t!:f.ying ISC1 in plants. 

Results from eX!periments with an inhibitor of ye~t AtJRl activity (FigUFe 15) shewed that 

At IJiPCS ,fstesistaflt to the fungal inhibitor. This will potentially allow the development~of 

fungal pathogen inhibitors that will have no plant toX!icity,. H<>wevet, IPCS :actiVity irt 

~golden butter wax bean seed nricrosomes demonstrate sen8itivity :to AhA (Bromley et al. 

2003). As the wax bean IPCS sequence is as yet unknown, the ·reason for this di:tference, in 

sensitivity ·is ~unclear,. but ~· the bean ~say was carried out usitlg microsomal. membranes 

.rather than by in vivo, the :difference between: the .expetimental methods ,Ifiay have caused 

the :different results. 

The amino acid sequences of these IPCS enzymes. were compared, but no' cons.erved 

homology was found between At IPCS and' Sc IPCS' €Figure 27). l;his is: why the 1plant 

IPCS: has never beet1 identified using yeast sequences to ifitettogate ,plant databases. 
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IPCS1 -- ~ - J'4-TLY!J:RRE,AS:Iq.,WRRFCSF.llTTEI.G-- ·~K~~GI.L.Q~¥- · ~G~ 53 
IPCS2 ----NWL¥lRRESSKLWKRFCSElS~ElG---~NWK¥~~G~~CQY~MG~¢vHY 53 
IPCS3 - ~ - - J>JJ?VYVDREAPKLWRRIYSE,ATIJ~-- - LLAEKWKIN:UAPLVFQ1~lleftJ\Af.f{Wny 53 
ScAUR1 MAN~~S~WFLSERP~NCHVADLETSLDPHQWL~KVQKYKPALS-DWVUYaFLGSIML~ 59 

i. : . * * : : * . t: : * * : : * * 

IPCS1 l liRPGPTLQDSGFFVLP---- - EL(i!QDK~FIS~'!'VFTCVFLS·JrFLWl'P'fiP----- - ---- 98 
lPC52 I~R~PTLQ~L~FFLLP----- ELGQ~R~YlSETVFTSVFl$' T ~~---------- 98 
IPCS3 LHRPG9TLQ0AGF~ILP-----ALGQDKA~ SETVFVTlF~SFrLW~FliP- ------ -- - 98 
SCAUR1 I TNPAPW:IFKILFYCFLGTLFIIPA'l'SQ·:VFJm.AL:PlLTWV!W¥FTSSYFPDDRRPP:ITVK 119 

. . *. * : . * : z . .. . . . . . . t% :: . * 

IPCS1 
IPCS2 
IPCS3 
ScAUR1 

- -~ -- ~ - ----------FIVKSKKI'!lTVLIWC:RVLAFLVA~QFliRV:J!TFYST-------- 133 
--------------- -- F!LK'l'KKI Y'rVLIWC::lWLAF!NACQ, :LRV.t'J:FYS'l'-------- 13 3 
-----------------FVSHSKKietv¥IWCRVEVYLAASQS~RilWFF~T-------- 133 
VLPAVE'I'ILtQPNLSD!t.J\.TSTNS:VLDILAWLPYGLFJ.l'FGAPFVVAA!LFWGPP'l'VLQG 179 

I * * 

IPCS1 -- - --- --------------------- ~ - -Qlt,P~f~CRJi!GiilE - !JARL'PRPJmVI,EVLL 162 
IPCS2 ------------------------------~LPSPNYHCREGSK-VaRLPWPKSALEVLE 162 
IPCSJ --------- ~ ------ - --------~----QLPGPNYHCREGSK-~IPPPKNVLEVLL 162 
ScAUR1 YAFAFGYMNLFGV:IMQNvFPAAPPWYKILYGLQSANYDMHGSPGQfLARIDKLLGINMYtT 239 

IPCS1 
IPCS2 
IPCS3 
ScAUR1 

IPCS1 
IPCS2 
!PCS3 
SCAUR1 

: : * 

* ** . . .. . ~ .. . . . , 

* 

IPCS1 SHKLLNGNGVO»~RRPRAQVNGK-DSNGGHTDN~TNGT--- 305 
IPCS2 NH~LNGNGVDPADWRPRAQVNGK~DSNGVHTDNTMNGA--- 305 
IPCS3 HQRLLNEN.NvADDH- - ~ - - --- ------------~~------ 299 
ScAUR1 LELDFDL.NMTD'EPSVSPSLFDGSTSVSRSSA'I'SI 'l'SLGVKRA 4 01 

* 

Figure 27 Alignment of A. thaliana IPCS and S. cerevisise IPCS (AURl) 

:: * 

267 
266 
275 
359 

An alignment was carried out with ClustalW2, but only some homology was found between At IPCS and Sc 

IPCS. Sequences with boxes are motifD3 and 04 (Figure 29). 

Red: small (small + hydrophobic (incl. aromatic - Y)), Blue: acidic, Pink: basic, Green: hydroxyl + amine + 

basic - Q). "*" : residues in this column are identical in all sequences in the alignm~nt. ":" : conserved 

substitutions have been observed according to colour." ." : seml~conserved substitutions are observed. 
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As no significant homology was found in the amino acid level, further analysis on motif 

scan (http://scansite.mit.edu/) was carried out (Figure 28). 

AURl 
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Figure 28 Motif Scan of IPCS Genes 
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Motif scan was carried out using (http://scansite.mit.eduD, and domains were predicted. Although not found 

in all IPCS genes, P AP2, a phosphatidic acid phosphatase family which is involved in signal transduction 

was predicted on AURl and IPCS 1. The only common domain found in all three At IPCS genes was Erk D

domain, a kinase binding site group. 
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All of the At IPCS genes were shown to have a.kinase binding site Erk D-domain,. whereas 

AUR1l did not Erk is an e"trace~lufar signal-t:egulated kinase involved in functions 

including the regulation of meiosis~ mitosis,. and postmitotic functions in di;ff'erentiated: 

cells. Looking at .the predicted domains in At IPCS, P AP2 .and PGA _cap domains ·were 

found in l!PCSl!, PGA_cap domain was identi:tied'in IPCS2 and no·domains wereptedicted 

in IPCS3. The PAP2 superfamily includes ·the enzyme type 2 phosphatidic acid· 

phosphatase (P AP2~, ·Glu-6-phosphatase, phosphatidylglycerophosphatase H and bacterial 

acid phosphatase, and this superfamily has 1been identified .as a' lipid phosphatase in· yeast 

~Stukey and Caiman· 1997). PGA_cap. is. a- putative· .poly~gamma-glutamate capsule 

biosynthesis protein found in bacteria. It is a surface-associated protein and ma.y be 

·involved ·in v;irulence and be .associated with .bacterial survival in !high salt concentrations 

<Candela and Fouet 2006). As. IPCS is tho1,1ght tc:> be located· ·in the golgi,. it is unlikely ,that 

these ·donutiBs cause tile tesistance ,to AbA. 

Although the sequence of At I!PCS is .dissimilar to that of AURl, when aligned with 

various other species, the conserved areas D3 and D4 were· found (J. G. Mina 

Unpublished). These -·~otifs D3 and; D4 are shown in boxes in Figure 27. Wh~. only A. 

thaliana and S. cerevisiae .are aligped, these domains do not match. Motifs D3 and· D4 are 

highly conserved throughout the• sphingomyelin synthases (Huitema et al. 2004~, and ate 

palit of the catalytic site in• SM synthesis responsible for liberating ·cholinephosphate from 

phosphatidylcholine, These motifs• are similar to the· C2 and C3 motifs in 1ipid phosphate 

phosphatase >(LPP) (!Huitema et al. 2004).· LPP possesses a' tfuee-domain lipid phosphatase 

- - moti:f that is localized -ito the hydrophilic surface of 'the membrane (Han. et al. '2004~;-1he- - - --- -- -

conserved motifs D3 and D4 :in Homo sapiens, A. thaliana, S; cerevisiae andi ·the LPP 

motifs ·C2 and: C3 are shown in Figure 29. 
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Figure 29 Alignment of Motif Da and D4 

At IPCS consists of highly similar SMS motifs D3 and D4, while although less homologous, Sc IPCS also 

bas these motifs. Also shown are LPDs (lipid phosphatase domain) and the conserved histidine and aspirate 

residues that form the catalytic triad. LPD C2 and C3 are localized to the hydrophilic surface of the 

membrane. 

All these motifs, D3, D4 and C2, C3 include aspartate and histidine residues which form a 

catalytic triad mediating the nucleophilic attack on the lipid phosphate ester bond 

(Neuwald 1997). The histidine and aspartate residues are conserved between species. From 

previous research by Hashida-Okado et al., has shown that a mutation in the first 

conserved domain (146-161bp) produces mutant colonies resistant to AhA (HasbidaOkado 

et al. 1996). The research showed that by replacing the 158 position Phe with Tyr gave 

resistances to AhA. However, changing this amino acid did not give any difference in 

motif prediction but, looking at the amino acid property, it was found that only Phe was 

hydrophobic whereas Tyr, the amino acid sequence in A. thaliana, Lys (IPCS 1 and 2) and 

His (IPCS3) were all hydrophilic (Figure 30) and (Table 12). The hydropathy index in 

protein structure is important as hydrophobic amino acids tend to be internal whereas 

hydrophilic amino acids are more commonly found in the protein surface. AbA is 

suggested to bind to a distinct hydrophobic site on IPCS that is conserved aiUong various 

fungal species (Zhong et al. 1999). Further research would be necessary but this may well 

be the key point for AbA resistance. 
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AtiPCS1 FLWTFHPFiviSKKIYTVLIWCR-- -- ---- - VLAFLVACQFLRVITFYSTQLPGPNYHC 142 

AtiPCS2 FLWTFHPFI~KKIYTVLIWCR-------- -VLAFLVACQFLRVITFYSTQLPGPNYHC 142 

OsiPCS1 LLWSFHPFIYHSKRFYTVLLWRR- -- ------VLAFLVASQFLRIITFYSTQLPGPNYHC 142 

OsiPCS2 VLWTFHPFIYHSKRFYTVLIWRR-------- - VLAFLVASQVLRIITFYSTQLPGPNYHC 142 

OsiPCS3 VLWTFHPFILQTKRFYTVLIWRR---------VLAFLCASQFLRIVTFYSTQLPGPNYHC 143 

AtiPCS3 ILWTFHPFVS. SKKICTVLIWCR-- -- -- ---VFVYLAASQSLRIITFFATQLPGPNYHC 142 

HsSMS1 MILVGLWLIQWLLLKYKSIISRR------- - -FFCIVGTLYLYRCITMYVTTLPVPGMHF 248 

MmSMS1 MILVGLWLFQWLLLKYKSIISRR---------FFCIVGTLYLYRCITMYVTTLPVPGMHF 248 

HsSMS2 IILVGLWITQWLFLRYKSIVGRR--- ------FCFIIGTLYLYRCITMYVTTLPVPGMHF 186 

MmSMS2 MVLVGLWITQWLFLRYKSIVGRR------ --- FFFIMGTLYLYRCITMYVTTLPVPGMHF 186 

ScAUR1 LAWLPYGLFHIGAPFVVAAILFVFGPPTVLQGYAFAFGYMNLFGVIMQNVFPAAPPWYKI 207 

CaiPCS LAWLPYGIIHFSFPFVLAAIIFLFGPPTALRSFGFAFGYMNLLGVLIQMAFPAAPPWYKN 220 

SjiPCS IAWLPYGVIHYGAPFIVSFVLFVFAPPGTLPVWARSFGYMNLIGVLIQIFFPCSPPWYEN 209 

SpiPCS LAWVPYGVMHYSAPFIISFILFIFAPPGTLPVWARTFGYMNLFGVLIQMAFPCSPPWYEN 207 

AfiPCS LAWLPYGICHYGAPFVCSAIMFIFGPPGTVPLFARTFGYISMAAVTIQLFFPCSPPWYEN 242 

PcAUR1 LAWIPYGIIHFGAPFITAIVIYLSSPPGTLPVFAKCFGYLNLIGVIIQLVFPCSPPWYES 225 

CeSMS1 IGSFVSLLVLILFHRHRWIVLRR---------LCFIGSILYGMRCITMMVTPVPKADEDF 289 

CeSMS2 TVSSVVAFTIIFLHHQRWIVLRR- - - -- - - --TFLLGAIMYGLRAVILGVTFLPPSFHNR 162 

CeSMS3 ALCIVMLGALLVIHQHRGTILKR---------VVFCAGTLYAMRSVTLAATQLPSGYTDN 139 

LmiPCS LDSGRRPFP~PIMAIRFLT------------SYAVVMVFRAFVIMGTSYPATDNHC 185 

Figure 30 Alignment with Various Species 

Alignment of various species was carried out to identify conserved motifs. Section of Sc 158 was extracted. 

The conserved area is shown in Figure 29. Using this alignment the sequence at Sc position 158 was 

compared with various other species. When the Fat Sc 158 was replaced by Y, the cells became resistant to 

AhA. Both At IPCS and Lm IPCS are known to be AhA resistant and both have a K (AtiPCS 1, 2 and 

LmiPCS) or H (AtiPCS3). At: A. tha/iana, Os: Oryza sativa, Hs: Homo sapiens, Mm: Mus musculus, Sc: S. 

cerevisiae, Ca: Candida albicans, Sj: Schizosaccharomyces japonicus, Sp: Schizosaccharomyces pombe, Af: 

Aspergillus fumigatus, Pc: Pneumocystis carinii, Ce: Caenorthabditis elegans, Lm: L. major 
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Amino Acid F (%e) y (Tyr) X (Lys) l1 (His) 

S1ructure 0 0 H 

~ 
0 err 0~ "1Y ¢' I H 

N 
H lla41 1'111'4A~II¥ Tn'*lll ~ 

[Pill) [l)f) lt.ral 1"-1 

Side Chain Polarity noJJPolar polar polar polar 

Side Chain Acidity! Basicity neutral neutral basic basic (wellkly) 

Hydropathy Index 2.8 -1.3 -3.9 -3.2 

.Aureobasidin A sensitive resistant resistant resistant 

Table 12 Properties of Amino Acids Found at the Be 158bp Position 

Only Phe is shown to be hydrophobic and Tyr, Lys and His are hydrophilic. AbA resistance may be due to 

this as the hydropathy index affects the protein structure. 

Although all three At IPCS genes have been predicted to have different domains, from the 

metabolic labelling of At IPCS complemented AURI (Figure 14), all At IPCS produced 

IPC although in a different degree. From the TLC results, where equal amounts of cells 

were incubated with NBD-C6-Ceramide, IPCS2 had the strongest band. This would 

suggest that the IPCS2 enzyme is most active. Interestingly, for expression, IPCS2 was 

also the most highly expressed gene in all tissues. Which would suggest that m.RNA for 

IPCS2 is produced the most. Therefore the amount of IPCS activity and the expression of 

IPCS genes appear to be correlated. 
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5.2 Exp~ression of At IPCS 

Results from ·Q-PCR have ~been presented for the ex:pression of each At IPCS gene in 

various ,plant tissues. From .these results, IPCS2 was the predominantly expressed .gene, 

being highly ex:ptessed in root, ~rosette leaf and cauline leaf. Publicly available microarray 

data {htt,ps:/ /www . .geneyestigator.ethz.cl!l) :also, support these tissue ilevel expression results. 

Results of IPCSI and IPCS3 are completely new data, as no microarray data for these 

genes are currently available. ·From the results of Q-PCR experiments, the expression of 

IPCS·l and I!PCS3 are more than 10-times less than that of IPCS2 in root, rosette leaf, 

cauline leaf and siliques, .Ailthough in stem ·and tlower, IPCS3 is· ex:pressed: as much .as 

IPCS2. Comparing the expression •levels .of JiPCSl and IPCSJ, JPCS·l appears to be more 

active in the early development stages 1 to 5 and IPCS3 is more active in the later 

development stag~s 6 to 9. Stages :were taken from as described in Boyes et al. 2001. 

These results suggest that these IPCS genes. are expressed in a tissue dq>endent manner: 

Activity measurements carried out on bean extracts (Bromley et al. 2003) suggest that light 

has no· effect on •JiPCS activity, while data from microarray suggest that UV light decreases 

the expression lev:el of IPCS2. Although the light used: in the experiments was· natural light 

@Jromley et al. 2903), tlris· may suggest ·that depending on the environment conditions and 

different stress conditions, the expressed IPCS genes maybe selected or affected. Also, 

since plants have three functional IPCS genes, it seems highly likely that IPCS is an 

important activity t::llabling .them to deal with various environmental conditions. 

- - Furthm: experiments would be needed to ~confinn the selection of these" genes, but it-can<~be -

conjectured that these JiPCS genes are expressed in a tissue dependent manner and ,that the 

surrounding environment may also have an effect on how the genes are ex:pressed. 

Finally, identification of the· gene sequence of IPCS in A. thaliana· will facilitate 

identifying other JiPCS genes in other plant species. Also the function and' expression of 

IPCS in A. thaliana wiJH facilitate the understanding of the ~role played by this protein, such 

as in secondary signalling molecules and! lipid rafts. The expression level wiU giv:e insight 

into how the gene fesponds· to various stresses. Furthermor,e as A. thaliana IPCS was found 

to be insensitive to the anti-fungal agent AbA, understanding the mechanism of this will 

become .a key in managing fungal diseases in :plants ~ future. 
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~6. Future Work 

Fw:ther wotk sheuldllbe· carried out to understand the expression levels of these IPCS genes 

under various stress conditions. As IPCS is a vital gene, the get'le will have to be able to 

1bear stress for the plant ,to survive~ By doing this, the impottahce eftrus· .g~ae iB ,plants can 

be idcmtified and the selection of the three geaes .under various: stress coaditions can be 

determined. As this is ·the first time a plant IPCS gene bas been identified; usmg its 

orthologue other IPCS genes in various plants can also be identrfi~dl. Al~o as. plant IPCS 

dees not cede fer riPS-'PLC, it will be important to identify the g~e ceding fer IPS-PC. 

As A. thaliana IPCS was resistant to AbA, further study should be conducted to identify 

the mechanism ef :this~ As described in discussion, tile hydropathy index appears to be 

important in AbA resistance. Therefore by ·carrying out an· agar diffusion assay with 

various species· that are hydrephobfc .and· hydrophilic at .the Sc 158 position tp.ay give 

insight to· AbA resistance. 

As :plant IPCS has only been identi,fied recently, further study of this 1gene can be 

conducted to analyze ·the function and importance of sphingolipids in plants. 
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Appendix I - Preparation of Media 

% MS (Murasl:rige· and Skoog. Basal Salt Mixture} ,1 0: Media fotr Plants 

% MS H> plates were prepared for Arabidopsis growth media. 2.2g of MS' salts, 9.5g of 

LP(!)(H 1 Agar Bacteriological (Agar No.1) (OXOID). and 1 Og of sucrose were added to 1 

litre of distiUed water. The pH w:as adjusted to 5;6, 

The media was autoclaved at li2I°C for 20mins. Once the media. had cooled to 60°C;. media 

weFe poured into startdard petri dishes. (aibby Sterilin) in ·the flow cabinet. Plates were left 

with. the lid off in tile flow cabinet tmtilt set. 

Plates could be stored ,in a 4°C room fer a month before use; any condensation that 

occurred' during storage was dried out in the flow cabinet before use. 

LB (Luria .. Bertani Bliotfl) Media and Plates 

LB plates: were prepared for transformation. 1:L of LB broth was ,prepared with lOg 

BactotcyptoD, 5g Bacto-Yeast E~tract and1 1 Og NaCL pH was adjusted to 7~5 with NaOH, 

which was apprmdmately 0.2 ml of 5N. When agar was needed~ it was added to l.5% 

(w/v). Both LB media and agar were autoclaved at l511b/,in2
• Plates were· stored at 4°C. 

YPD <Yeast Peptone Dextrose) Media and Plates 

For 1! litre of YPD plates, H>g bP0021 Yeast Extract (OXOID), 20g BBLn<l Trypticase™ 

peptone (BD), 20g D-(t)-Glucose·{SIGMA) and 20g LPOOll Agar Bacteriological {~gar 

No.1) (OXOID) was. used1. YPD Media was prepared without agar. Solutions were 

autoclaved at 121 for 15 min and were .stored at 4°C. 

For checking the IPCS reverse reaction, YPD plates with various salt coacentrations were 

:prq>ared. these plates were prepared the same as YPD plates with the addition of 

appropriate salts, 0.4M N~,t€1, 0.5M NaCl, 0.8M Nacl:, 0~0lM UCl and 0.25M LiCl. 

YPGR (Yeast Peptone Galactese and Raffinose) Media and Plates 

To··culti¥ate AIUR.l yeast straias, YPGR media was made. For 1 'litre of YPGR, A: lOg 

LP0021 Yeast Extract (OXOID)., 20g BBL™ Trypticase™ peptone CBD), B: 40g D-(+)

Qalactose (Fluka} and 20g D.;(+ }·Raffinose pentahydrate (Fluka) was used'. A and B were 

autoclaved separately aDd mixed after;. For plates, ZOg LP0011 Agar Bacteriological (Agar 
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No.1) {OXOID) was added to solution A. Selutions, were auteclaved at li2l°C fat 1'5 min 

and were ,stared at 4qC. 

Scientifically Defined {SD) Media aRd Plates 

SD-His and SD-Met plates were prepared for analysing tb.e IPC~PLC acti:vity. 

1 litre of SD-His plates were made by 20g P-(+)-Glucose ~SIGMA) and 20g LPeen Agm: 

Bacteriological (Agar No.1} (OXOID), 1.7g Difcom Yeast Nitrogen Base wfe, amino 

Acids' @3D),· 5.0g NR.S04 (S[GMA) and appropriate amine acid stacks (}l(hnL adenine 

sulphate, tOmL uracH, 2mL L,try,ptophan, 4mL L-arginine;. 2mL L-methionine, 25mL L

tyrosine, 6mL L-:leucin.e, 6mL L-isoleucine, 5mL L.lycine,, 5mL L-phenylalanine; lemL 

L-aspartic; lOml!.. L-glutamic acid, 5mL L-valine, 5nlli ~threonine and 5:nrl.. L-serine) 

were added to. the media. SD-Met plates were made as above with the deletien of2mL L

methionine.but with 2m1. L-histidine. 

SD-His-Ura plates with Glu and SDo.His,..tJra plates with Gal and Raf were made to test ,fue 

Arabidopsis IPCS complementation of yeast AURl ,genes. 1 litre. ofSD-:His,..Ur~. with Glu 

was made as abeve by not adding His and Uta'. SD-liis-Ura with Gal and Raf were 

prepared by adding 40g D•(+)-Galactose {F,luka) ·and, 20g D-(+)-Raffinose-pentahydtate

(Fluka) instead of Glu. Solutions were autoclaved at 12l°C for 15 min and were stared at 

4°C. 

The concentration of the stack amino acids were, 2mg/mL adenine sulphate, 2mglmL 

uracil, lOmg/mL L-tr)1)tephan, 1 Omg/mL L-arginine, lOmg/mL L-methionine, 2mg/mL L

tyroslne, lOmglinL L-'leucine, lOmg,lmL L-isoleucine, lOing/mL -L..:lycine, lOrtiglmL 1t-

phenylalanine, O.e~tmglmL L-aspartic,. l Omglml. L-glutamic acid, 30mg/mL L-.valine, 

40mg/mL L-threenine and 80mg/mL L-seriil.e) 
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