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The tomato ( y genes confer resistance to races of the leaf mould fungus 

expressing the corresponding avirulence genes, in a gene-for-gene manner. 

The Cf proteins are predicted to be predominantly extracellular membrane bound 

glycoprotein receptors, which recognise fungal Aw gene products. The Cf-2 protein 

contains 38 extracellular-type leucine rich repeats, a single potential transmembrane 

domain and a 37 amino acid tail, predicted to be cytoplasmically located (Dixon ef aZ 

1996). Previous studies, on the subcellular location of the Cf proteins, have produced 

conflicting results. One study using an epitope-tagged version of Cf-9, demonstrated a 

plasma membrane localisation (Piedras a/., 2000), whilst a second study, using both 

fusion proteins and epitope-tagging, revealed an endoplasmic reticulum localisation 

(Benghezal a/., 2000). 

To resolve the issue of subceDular localisation, 3xc-Myc epitope-tagged versions of ( ^ 2 

under the control of its native promoter and the strong constitutive Cauliflower Mosaic 

Virus (CaMV) 35S promoter were engineered. These were stably expressed in transgenic 

tomato and tobacco. The majority of c-Myc:Cf-2 was demonstrated to be found in the 

plasma membrane and was highly glycosylated. 

In addition, expression proGling of C^2 and ( ^ 9 was performed using promoteriGUS 

fusions in transgenic tomato. Both Q:2 and were developmentally regulated 

showing little or no expression in very young seedlings, with expression levels increasing 

dramatically with the emergence of the first true leaves. Cf-9 expression was, also, 

dramatically induced in true leaves when exposed to cmde preparations containing C. 

yzYfvwm avirulence products. 
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Chapter one 

1 General introduction 

1.1 Introduction 

Planls often come under attack from pathogens, but the majority remain resistant to 

disease. There are several levels of resistance e.g. general, non-host, host, varietal and 

race resistance. This thesis is concerned with race/cultivar resistance, in particular' the 

interaction between tomato and the leaf mould pathogen Fungi can 

be separated into groups, the Grst are the biotiophic fungi, wliich require a living host and 

cannot be grown in culture. The second group are the necrotrophic pathogens that live on 

dead host tissue and can be grown in cultures. C. is a facultative biotroph, it grows 

on living plant material, but unlike a true biotrophic fungus can be grown in culture. 

Resistance, in race/cultivar interaction, is inherited as single dominant or semi-dominant 

resistance (/?) genes. 

Pathogens unable to colonise a particular host are referred to as avirulent, whilst 

those able to colonise a host are termed virulent. Both virulent and avirulent pathogens 

secrete many proteins, some of which will enable them to inlect the host. For example, 

they can aid penetration into the host, block plant defences or promote nutrient release 

from the host. These proteins are then potential targets for the host to prevent colonisation 

by the pathogen. Depending upon the type of pathogen protein and its mode of action the 

plant can either inactivate the protein/enzyme directly, as with the interaction between 

and maize (described below) (Johal and Briggs, 1992) or monitor 

for their presence to elicit a defence response upon their recognition as seen with tomato 

and its pathogen f pv. Tomato (Martin gf aZ., 1993). Plant genes 

responsible for this inactivation or detection are the, above-mentioned, ^ genes. The 

genes encoding these inactivated or detected proteins are termed avirulence (Aw) genes. 

Resistance genes fall in to two categories dependent upon their mode of action, the 

first tends to provide protection against necrotrophic pathogens. These ^ genes often 

encode enzymes that detoxify a pathogen toxin or encode proteins resistant to the toxins 
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produced hy the pathogens. An example of such an 7? gene is //mV from maize, which 

detoxLGes the HC-toxin from the necrotroph leaf spot fungus C. (Johal and 

Biiggs, 1992). DetoxiGcation of the HC-toxin protects maize from infection by this 

pathogen. Table 1.1 illustrates the genetics that underpins this group of race/cultivar-

specific ̂  genes and the corresponding pathogen genes using the gene and HC-toxin 

as an example. 

Table 1.1: An example of genetic interactions between the first class of p l a n t s genes 
and the corresponding pathogen genes. 

Lower case letters indicate the absence of a gene. I indicates an incompatible host/pathogen 
interaction i.e. the pathogen is unable to infect the host. C indicates a compatible interaction, i.e. the 
pathogen is able to colonise the host. Using the maize CochUobolus carbonum as an example it can be 
seen that for infection to ensue the pathogen must express its gene (in this case to produce the HC-
toxin) in the absence of the plant R gene (Hml). 

Host 

Patiiogen 

hml 

HC-toxin I C 

hc-toxin I I 

The second category of ^ genes is the gene-for-gene ^ genes and provide 

protection against biotrophic pathogens. These ^ genes are responsible for the recognition 

of secreted pathogen proteins, which upon the recognition event result in the induction of 

plant defences. The pathogen genes that encode the proteins detected by the host are 

called avirulence (Aw) genes. Table 1.2 illustrates the genetics behind the gene-for-gene 

host-pathogen interaction. 

Tablel.2: Genetic interactions of gene-for-gene host resistance (i?) genes and the 
corresponding pathogen avirulence (Avr) genes. 

Lower case letters indicate an absence of the gene. I indicates an incompatible host/pathogen 
interaction, i.e. the pathogen in unable to infect the host. C indicates a compatible interaction, i.e. the 
pathogen is able to colonise the host. 

Pathogen 

Host 

R r 

I C 

a w C C 
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1.1.1 Gene-for-gene concept 

The co-existence of plants with their pathogens suggests their evolution, with 

respect to pathogen vimlence and plant resistance, is interrelated (Leonard 1994). The 

gene-for-gene concept encompasses this observation and provides a genetic basis for it. 

The discovery of the genetic basis behind the resistance of flax against the flax mst 

/m/ lead Flor to propose the gene-for-gene concept in the 1950's (Flor, 

1971). The gene-for-gene concept has since been shown to operate in many plant-

pathogen systems (Agrios, 1997). The gene-for-gene concept states that for each host 

gene that confers resistance (/? gene) there is a complementary pathogen avirulence (Aw) 

gene. A simple receptor model can be employed to illustrate the theory behind the gene-

for-gene concept (Figure 1.1). In this model the ^ genes encode receptors that recognise 

the Avr gene products. This recognition event then, in turn, initiates a cascade of signalling 

events that results in an incompatible interaction. Table 1.1 illustrates how this interaction 

operates. This is a very simplified version of the actual events leading to an incompatible 

interaction as often many genes are involved. 
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Pathogen 

Pathogen 
genes 

Figure 1.1: The receptor model of the gene-for-gene hypothesis. 

The gene-for-gene hypothesis suggests a receptor model where R genes encode receptors (blue) that 
can either directly or indirectly recognise specific pathogen-derived molecules (green triangles). Upon 
the recognition event a defence response is induced. A pathogen that lacks the specifically recognised 
molecules is able to avoid detection and colonise the host. Similarly, a plant lacking the R protein is 
unable to detect the invading pathogen resulting in an infection. 

1.2 Plant disease resistance genes 

The three predicted properties of R genes are: their encoded products should 

recognise A vr-gene-dependent hgands; this recognition event should subsequently initiate 

a defence cascade; finally they should rapidly evolve novel recognition capabilities 

(Hammond-Kosack and Jones, 1997). 

Plant disease resistance genes fall into two major groups; those that encode 

proteins with an extracytoplasmic domain and those that encode cytoplasmic proteins. 

The two groups can be further sub-divided (Figure 1.2). 
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R gene product 

Genes encoding 
I'TBS/LE.E. proteins 

Gene encoding a 
cy top las mi c p rote m 

TIE. domain sub 
.sj-oup e.g. 

TIE/NBS/LE.E. 

Gene encoding an 
eictracytoplasrnic 

domain 

Genes encoding 
kinase like proteins 

e.g. Pto 

Genes encoding 
receptor kinase lik 
protein: 

Coiled coil/leucine 
;ipper sub group e.g 

CC/NBS/LEJR. 

Figure 1.2: The groups and sub-groups of plant disease resistance gene products. 

The R genes can be divided into two major groups, those encoding cytplasmic proteins and those 
encoding proteins with an extracytoplasmic domain. Each group can be further divided according to 
domains present that share homology with other proteins. TIR- abbreviation for Toll-|nterleukin 1 
Resistance protein. 

1.2.1 R genes predicted to encode cytoplasmic proteins 

^ genes of this genre encode the nucleotide binding site (NBS)/leucine-rich repeat 

(LRR) (NBS/LRR) proteins. The majority of the genes cloned to date fall into this 

category and confer resistance against a wide range of pathogens including bacteria, fungi, 

aphids, viruses and nematodes. These ^ genes are further subdivided on the basis of their 

N-terminus. The first subgroup has a leucine zipper motif at its N-terminus and the 

second has a motif that shares similarity with the cytoplasmic domains of the 

Toll and mammalian Interleukin 1 transmembrane receptors (TIR domain). 

One of the first genes of this group to be cloned was /(f 5'2 of which 

confers resistance to pv. / (f ̂ 2 encodes a protein with a 

hydrophobic N-terminus, which is predicted to serve as a membrane anchor, /(f "̂2 also 

encodes a putative leucine zipper, a NBS, an internal hydrophobic domain, and 14 

imperfect LRRs (Bent a/., 1994). A second example, again from is 

(for resistance against f ..y.pv which appears to share significant homology 
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with /(f 6'2, except it lacks the N terminal hydrophobic domain (Grant gr a/., 1995). This 

class of proteins are now referred to as CC-NBS (coiled-coil-NBS). 

The leucine zipper comprises a seiies of amino acids, which form an a-helix with 

every V''' amino acid being a leucine. Therefore, every 2""̂  turn there is a leucine residue 

that sticks out and interacts with other leucines on a similar antiparallel a-helix. Two 

interacting leucine zippers can foim both hetero- and homodimers. 

The NBS domain is found in many ATP and GTP binding proteins, e.g. Apaf-1 of 

mammals which binds adenine nucleotides and plays a regulatory role in signalling of 

apoptosis (Zou gf oA, 1997). Although there is no physical evidence to date of RPS2 

binding to either ATP of GTP, it appears likely that it that is is a nucleotide binding 

protein (Tameling a/., 2002). Tameling gf a/. (2002), using Eyc/zgncA/a coZz expression 

of the NBS domain of the tomato R proteins 1-2 and Mi-1, demonstrated exclusive binding 

of adenine nucleotides and nucleotidase activity. Due to the consei-ved nature of the NBS, 

not only between plant R proteins but also between R proteins and animal proteins with 

known nucleotidase activity, Tameling gf aZ. (2002) postulated that the NBS/LRRs indeed 

have the ability to bind ATP and GTP. The NBS motif is frequently found in protein 

kinases however; these R proteins are not kinases themselves, although they may activate 

kinases (Jones and Jones, 1997). 

The second subgroup of the NBS/LRRs is that of the TIR proteins, an example of 

which is the N. gene that confers resistance against tobacco mosaic virus 

(TMV) (Dinesh-Kimiar gf a/., 1995). Interestingly this group of R proteins appears to be 

entirely absent from monocot species (Meyers, 1999). This ^ gene is similar to and 

j'2, but the N-terminus shows similarity to the cytoplasmic domains of the 

Toll and mammalian Interleukin-1 transmembrane receptors, suggesting that the N-

terminus may play a role in signalling and not ligand recognition. Genes within this 

family seem to produce both full length and truncated transcripts, both of which appear to 

be required for full resistance (Jones and Jones, 1997). This is indeed the case with the 

gene. One N gene transcript encodes a NBS followed by 16 LRRs, whilst the second 

encodes a truncated form of the first transcript with most of the LRRs replaced with a 
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novel sequence of 36 amino acids. It is postulated that this truncated protein is a negative 

inhibitor that controls the induced resistance response (Dinesh-Kumai" a/., 1995). 

All of the genes isolated to date encode NBS/LRRs, using probes 

for conserved sequences in the NBS/LRR motif more than 100 homologs have been 

identified in A. fAa/Zaoo (Botella a/., 1997), sequencing of the genome has 

revealed many more. The locus of A. that confers resistance to the 

powdeiy mildew pathogen c/cAomceamm, segregates from the mapped 

NBS/LRR ^ gene homolog on chromosome 3 (Xiao oA, 2001). This suggested that a 

different type of/? gene was likely to be present at this locus. Indeed two functional 

genes were isolated, W&.7 and which encode proteins with no significant 

homology to any previously characterised proteins, although they share similarity with a 

NBS/LRR resistance-like protein (Xiao gf 6f/., 2001). They are predicted to encode a N-

terminal tiansmembrane domain (or possibly signal peptide) and a coiled-coil (CC) 

domain (Xiao gf f//., 2001). To distinguish these further from previously characterised ^ 

genes, /(f W&7 and /(f W&.2 confer resistance to a wide range of pathogens. They 

conferred resistance to all of the Powdery mildew isolates tested, which included 15 

isolates of E. c/cAomcgarwm and isolates from three additional species (E 

isolate UEAl, E. oronR/ isolate MGH and isolate Oxford) (Xiao gf a/., 

2001). It seems that W8.7 and do not function in a gene-for-gene manner, 

although it is possible that each of the pathogens tested express a corresponding Avr gene, 

which are all recognised by the genes at the RPW8 locus. Another possibility is that 

RPW8.1 and RPW8.2 are the virulence targets of the Avrs and that they are 'guarded' by 

genes yet to be identified, analogous to the Pto, avrPto guard hypothesis discussed next 

(Van der Biezen and Jones, 1998). 

The second group of genes encoding cytoplasmic proteins encode cytoplasmic 

protein kinases. To date only one example has been found, Pm of tomato, which encodes 

a serine threonine kinase. Although recently there has been some suggestion that f m is 

not a 'true' gene. In 1993, Martin gf aA cloned the f m gene, which confers resistance to 

^vrmgag pv, fomafo that caiTies the aviiiilence gene Avrfm. ^ genes are 

believed to encode molecular" receptors, however f fo contains no obvious receptor 

domain. Interestingly, using a yeast-2-hybrid system (Fields and Stemglanz, 1994) it was 
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shown that Pto directly interacts with AvrPto (Scofield aA, 1996). A second locus 

shown to be involved in resistance of tomato to f . has also been identified. The 

gene involved was named f resistance and fenthion sensitivity) 

(Salmeron (v/., 1994). f ; /encodes a NBS/LRR protein with a leucine zipper (Salmeron 

oA, 1996), but as yet has not been shown to interact with Pto, or AvrPto. 

Overexpression of appears to lead to the activation of plant defences and the 

establishment of systemic acquired resistance (SAR). It has been observed that such 

overexpression gives rise to enhanced resistance to a number of normally virulent bacterial 

and viral pathogens (Oldroyd and Staskawics, 1998). 

Other proteins that interact with f fo have been identified, again by using the yeast-

2-hybrid system. The first is Ptil (Pto interacting 1) (Zhou gf a/., 1995) which is a piotein 

kinase, phosphoiylated by Pto but unable itself to phosphorylate Pto and may be important 

in signalling for the hypersensitive response. Pti 4, 5 and 6 share some characteristics 

with transciiption factors and are similar to the tobacco ethylene-responsive element-

binding proteins (EREBPs) (Zhou gf a/., 1997). Zhou gr a/. (1997) showed that Pti4/5/6 

bind to a DNA sequence that is present in the promoter region of a number of genes 

encoding pathogenesis-related (PR) proteins. They demonstrated that expression of 

several PR proteins along with a tobacco EREBP gene is enhanced by the recognition of 

the Pto-AvrPto complex in tobacco, this was confiiTned by Thara gf a/. (1999). It was 

however demonstrated that the expression of both f and 5, unlike the gene, act 

through a pathway that is independent of salicylic acid, ethylene and jasmonic acid (Thara 

gf a/., 1999). These observations reveal, in part, a pathway from the disease resistance 

gene to the activation of plant defence genes. 

Figure 1.3 shows how the genes involved in defence against R.yynMgag were 

believed to interact. It was thought that the resistance to f . ^ynngag was due to a cascade 

of phosphorylation events initiated by the recognition of AvrPto by Pto, with the role of 

Prf unknown. 
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P t i4 ,5 ,6 

P. synngae 

Figure 1.3: The original model of how Pto, Ptis and Prf were believed to mediate a 
defence response in tomatoes. 

AvrPto was originally believed to initiate the defense response through an additional unkown protein 
that activated the Ptis which inturn activated the defence responses. The precise role of Prf was 
unclear. This model has more recently been revised. 

Van der Biezen and Jones (1998) proposed an alternative model, termed the 

'guard' hypothesis, to explain the mechanism that underpins the reistance against P. 

syringae pv. tomato conferred by P//and Pto (Figure 1.4). 
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Figure 1.4: The guard hypothesis, adapted from van der Beizen and Jones (1998). 

The guard hypothesis assumes the virulence target for AvrPto is Pto. Pto was at some point perhaps 
involved in a general defence response, which AvrPto tried to block to enable colonisation of the host. 
It is postulated that Prf evolved to recognise the AvrPto-Pto complex or a product of their interaction. 
Upon recognition of the complex a defence response ensues involving the Ptis. The Prf protein is 
therefore present in the cell at all times monitoring for the presence of the pathogen and in essence 
'guarding' the host from attack. The exact order of events involving the Ptis still remains unclear. 

Knowing that the interaction between Pto and the Ptis, and phosphorylation of Ptil 

does not require AvrPto, it was proposed that the binding of AvrPto to Pto was a step 

taken by the pathogen to prevent it interacting with the Ptis and thus abolishes the 

resistance conferred by Pto. Pto could therefore be considered as the virulence target of 

AvrPto. It is proposed that Prf subsequently evolved to recognise the AvrPto-Pto complex 

and initiate the defence response. This model predicts that a recognition complex has 

evolved from a pathogenicity complex. 

1.2.2 R genes predicted to encode proteins with extracytoplasmic domains 

As illustrated in figure 1.2, there are two divisions to this group. The first 

comprises only one gene (Xa21) that has been cloned to date. Xa21 confers resistance to 
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race 6 of the bacteiium on'zof pv. Ofi zoc that causes leaf blight in rice. 

Xa21 can be desciibed as a LRR receptor-like kinase protein (LRR-RLK). This protein 

contains a putative signal peptide, 23 extracellular type LRRs, numerous potential N-

linked glycosylation sites, a transmembrane domain and a cytoplasmically located 

serine/threonine protein kinase (RLK domain) (Song cf a/., 1995). The functions of other 

senne/threonine proteins with which Xa21 shaies overall homology have not yet been 

deteimined. Xa21 can be viewed to combine the LRR feature with a kinase domain, like a 

combination of the Cf proteins (discussed below) and the f fo gene product. 

Characteristic of the second group of extracellular proteins aie the Cy genes of 

tomato. The Cy genes confer resistance to the leaf mould fungus 

and aie predicted to encode glycoproteins that have a membrane anchor and 

extracytoplasmic LRRs, the consensus of which is LxxLxxLxxLxLxxNxLxGxIPxx (Jones 

and Jones, 1997). The membrane anchor consists of a region of acidic amino acids, which 

are extracytoplasmic, followed by a transmembrane domain of hydrophobic amino acids 

and a short basic C-terminus situated in the cytoplasm. 

With the exception of f r o and all of the plant genes isolated to date encode 

proteins with a region of leucine-rich repeats (LRRs) (Jones and Jones, 1997). It is within 

the LRR encoding region of the ^ genes that the m^ority of sequence variation between 

homologues is found (Meyers, 1998). Understanding LRRs is the key to understanding 

many current hypothesies regarding R, and more specifically Cf, protein function. It is 

partly due to this observation that the LRR region of R proteins is thought to be the 

binding site of the Avr protein. Many LRR containing proteins are involved in speciAc 

protein-protein interactions lending suppoit to the belief that the LRRs of R proteins aie 

responsible for the recognition of Avr proteins (Jones and Jones, 1997). Despite efforts, 

there are at present, few examples of plant R and pathogen Avr proteins interacting 

physically. One example of a plant R protein physically interacting with a fungal Avr 

protein is the rice Pi-ta protein and the fungal Avr-Pita protein (Jia ef a/., 2000). f z-fa 

confers resistance against the rice blast fungus, Magnapo; fAc expressing Avr-P/fa 

in a typical gene-for-gene manner, f encodes a cytoplasmic protein that comprises of 

a centrally localised nucleotide binding site and a C-terminal leucine rich domain (LRD). 

Although it contains regions with similarity to the plant LRR motif, Pi-ta does not contain 

any LRRs that fit any previously described LRR concensus motifs (Jia gr aZ., 2000; Jones 
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oA, 1996). Using the yeast-two-hybiid system Jia g'f o/. (2000), demonstrated binding 

between Pi-ta and Avr-Pita occurs via the LRD. This interaction occurs through the 

region that most closely resembles a LRR domain, suggesting that, as predicted, LRRs 

may be impoitant for ligand binding. 

1.2.3 Structural features of leucine-rich repeats 

The leucine-iich repeat (LRR) protein superfamily can be divided into many 

subfamilies (Kajava, 1998) (Table 1.3 and Figure 1.5 show several of these). The LRRs 

of various proteins differ both in consensus sequence and length, and it is these differences 

that characterise each of the subfamilies. Within the different consensus sequences there 

are conserved residues so the subfamilies retain a similar superhelical fold. However, they 

differ in the three dimensional structures of individual repeats. Each type of LRR is 

mutually exclusive, so no two types can ever be found in one protein (K^ava, 1998). A 

specific network of hydrogen bonds is formed between neighbouring LRRs that could not 

occur between neighbours of a different subfamily. This observation implies that for one 

subfamily to be transformed into another requires the simultaneous mutation in several 

residues, which led to the conclusion of independent evolution of each of the LRR 

subfamilies (Kajava, 1998). 

One subfamily consists of the porcine ribonuclease inhibitor (PRI)-like LRRs. The 

consensus sequence length is 28 or 29 amino acids and exclusively occur in intracellular 

proteins. The structure of the PRI protein was determined by Kobe and Diesenhofer 

(1994) and was believed to be a suitable model for all LRR proteins. PRI was shown to be 

a non-globular horseshoe structure. It was noted that proteins that contain a large number 

of LRRs (more than 21), would have to have a different tertiary structure to prevent 

collision of the termini. The LRR region of the PRI corresponds to a-P structural units, 

arranged to form parallel (3-sheets with one surface solvent exposed (Figure 1.5). These 

solvent exposed residues are predicted to be the residues involved in protein binding 

(Kobe and Deisenhofer, 1994). 

The shortest known LRRs are 20 residues long and some of these proieins consist 

entirely of the repeated 20-residue motif with no other domain (Kajava, 1998). These are 
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all extracellular proteins and oiiginate from Gram negative bacteiial and appear to be 

essential for virulence in the early stages of infection. 

The cysteine containing, coiled coil (CC), LRRs are also found only in 

intracellulai" proteins. The CC LRRs have a characteristic 26-residue consensus (Kajava, 

1998). These LRRs share sequence similarities with the PRI subfamily and are found in 

humans, yeast and plants. One plant example is RSP2, which is a plant R protein (Bent gf 

o/., 1994). 

Another subfamily of interest is the plant-specific LRRs, these aie 24 residues in 

length, and are similar to the 'typical' 24-residue LRR (Kajava, 1998). These LRRs are 

extracellular domains of multidomain membrane proteins, most of which mediate plant 

resistance to pathogen attack (Jones and Jones, 1997). The plant R protein modelled by 

Kajava (1998) is ( ^ . 7 of (Dixon graZ., 1996). This is 

modelled on the typical subfamily LRRs and differs from the typical LRR in a region that 

corresponds to a half-turn which follows the consei-ved ''P structure 4- Asn ladder" region 

(Kajava, 1998) (Figure 1.5). I jke the PRI it is thought that the solvent exposed residues 

of ( ^ . 7 are involved in protein binding (Kobe and Diesenhofer, 1994). 
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LRR 

subfamily 

Length 

residues 

Consensus sequence origin location 

Typical 24 LxxLxxLxLxxNxLxxLpxxoFxx Animal, 

fungi 

Extracellular 

PRI-Iike 28-29 XxxLxxLxLxxN/CxLxxxgoxxLxxoLxx Animals Intracellular 

Coiled-

(CoH 

26 C/LxxLxxLxLxxCxxITDxxoxxLagxx Animals, 

plants, 

fungi 

Intracellular 

Bacterial 20 I*xxLxxLxVxxNxLxxLPD/EL Gram 

negative 

bacteria 

Extracellular 

Plant 

Specific 

24 LxxLxxLxLxxNxLt/sGxIPxxLGx Plants, 

primitive 

eukaryotes 

Extracellular 

Table 1.3: Consensus sequences of LRRs (adapted from K^ava, 1998). 

Bold and uppercase letters indicate more than 70% and 40% occurrence of a specific residue. Lower 
case letter indicate more than 30% identity, o indicates a non-polar residue and x any residue. 
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Typical Rl-Iike 

Cys-containing Plant specific Bacterial 

Figure 1.5: Differences, in structure, between the variable regions of the LRR 
subfamilies (adapted from Kajava, 1998). 

Each of the LRRs are represented by 3 P strands (in white) and two variable regions. The a-helices 
are in green. Broken red lines denote hydrogen bonds. Carbon atoms and sticks are in dark green, 
nitrogen in blue and oxygen in red. (adapted from Kajava, 1998) 

The previous modelling studies have all used animal proteins to predict the LRR 

structure of plant proteins. Recently, Di Matteo et al. (2003) determined the crystal 

structure of a polygalacturonase-inhibiting protein (PGIP), a member of the leucine-rich 

repeat protein family, from Phaseolus vulgaris. The PGEPs are plant cell wall proteins 

that protect plants from fungal invasion. Cf-9 was described as sharing homology with the 

PGIPs and that this was mailnly due to the similarity in the LRR region (Jones et ah, 

1994), thus the structure is a more suitable model for plant proteins comprising of 

extracellular type LRRs (eLRRs). The overall structure was similar to that described by 

Kajava (1998), with a curved, elongated shape (Figure 1.6). One major difference with 

previous models was the presence of a second P-sheet, rather than the P-sheets and helices 

being connected by loops or p-tums (Di Matteo et ah, 2003). The second P-sheet could 
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represent a second ligand-binding surface, potentially involved in signal transduction. The 

first P-sheet (Bl) consists of three strands on the N-terminal portion and seven strands on 

the C-terminal portion. This contains the residues that determine affinity and specificity 

of PGIP2 and form the concave inner side of the structure, almost parallel to B1 are nine 

helices (Di Matteo et al., 2003). The LRR core is capped by disulphide bridges at both the 

C-terminus and N-terminus of the repeat region. Similarly, cysteine residues, capable of 

forming disulphide bridges are present at either end of the LRR region of the Cf proteins. 

N-ter 

Sheet Bl 

B2 

Figure 1.6 The Structure of PGIP2 from P. Vulgaris 

P-Sheets 1 and 2 are coloured green, with helices coloured blue. The N-terminal a-helix is coloured 
light blue (adapted from Di Matteo et al., 2003) 

1.3 The tomaio-Cladosporium fulvum interaction. 

Cladosporiumfulvum is a biotrophic fungus that causes the tomato leaf mould 

disease, the tomato Cy genes confer resistance against this pathogen. The first four Cf 

genes to be isolated were Cf-2, Cf-4, Cf-5 and Cf-9 (Dixon et al., 1996; Dixon et al., 1998; 

Jones et al., 1994; Thomas et al., 1997). Plants carrying these Cf genes specifically 

recognise races of C. fulvum carrying Avr2 Avr4, Avr5 or Avr9 respectively. The Cf and 

Avr genes interact in a typical gene-for-gene manner. 
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Races of C. jzy/vwrn are named according to the Cy gene they can overcome i.e. 

Race 2, lacks Avr2, whilst race 2,4 lacks both Avr2 and Avr4. 

1.3.1 Genomic organisation of Cf genes 

Transposon tagging was used to clone ( ^ 9 , which involved a screen that identiGed 

plants that had lost the ability to recognise Avi^ (Jones o/., 1994). Positional cloning, 

that involved using cosmid clones that contained a candidate ( y gene, was used to identify 

(^2 , 4 and j (Dixon cr a/., 1996; Dixon cr (v/., 1998; Thomas a/., 1997). Each 

candidate gene was stably transformed into susceptible tomatoes; the transformants were 

subsequently screened for resistance by pathogen challenge. 

The ( y genes are found in complex gene clusters of tandemly repeated homologous 

genes called (homologues of Cf resistance) genes (Thomas gf oA, 1998). (y^2 and J 

are essentially allelic and found on the shoit arm of chromosome 6, whilst and 9, also 

allelic, are found on the short arm of chromosome 1. Cy genes from the same locus 

encode proteins that are more than 90% identical at the amino acid level (Thomas gf (vA, 

1998). One major difference between the Cf proteins is the number of LRRs, which form 

the putative recognition domain of the protein. Homologues of the Cy genes were 

discovered by analysing Cf near isogenic lines (NILs). The Cf NILs were established by 

the introgression of completely susceptible (CfO) tomatoes (lycopgr^/con 

commercially named Money Maker (MM)) with the Q"genes. (^-2 and Cy-9 originate 

from 1. 6 -̂"̂  from A. and from A. var. 

Two functional (^-2 genes ((^-2.7 and (^-2.2) have been identified from a Cf2 

NIL, and they differ only in 3 amino acids near the C-terminus (Dixon gf a/., 1996). A 

third homologue ffcr2-2A has also been identified, for which no function has been 

assigned. The functional gene (/fcr2-jC), is found within a cluster of other 

genes, ^cr2-JA, B and D. ;Ffcr2-M, B and D all have open reading frames and are 

probably expressed, although to date no function has been identified for them. It is 

plausible that analogous to antibodies they aie present, anticipating a novel avr protein. A 

CfO plant althougli completely susceptible to C. yzY/vwm challenge also carries two ^cr2 
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genes (Hcr2-0A and Hcr2-()B) on chromosome 6 and many Hcr9s on chromosome 1. 

There are in total seven homologues at the Cf-2/Cf-5 locus, of which 6 differ in the 

number of LRRs ranging from 25 to 38 (Dixon etciL, 1998), Figure 1.7 illustrates the 

homologues found at the Cf-2/Cf5 locus. 
Domain 

Hcr2-0A 

26 

Hcr2-2A 

25 

Hcr2-0B 

31 

Cf-2 

38 

Hcr2-SB 

25 

Cf-5 

lllllllllli 

32 

Hcr2-5D 

34 

A 
B 
CI 

C2 

C3 

D 
E 
F 

Figure 1.7: Homologues at the Cf-2/Cf-5 complex locus (Dixon et al., 1998). 

Schematic representation of the proteins encoded by different Hcr2s. All homologues are aligned to 
Cf-2. Each horizontal box represents a LRR, the shaded region indicates the hyper-variable region of 
the proteins. The two shading effects represent the two types (a and b) of alternating LRRs. The 
vertical box represents the putative transmembrane domain. The Cf proteins are divided into seven 
functional domains (A-G). Domain A is a putative signal peptide, domains B, C, and D have homology 
to the polyglacturonase inhibitor proteins (PGIPs) (Jones etciL, 1994). Domain C comprises all of the 
LRRs of the protein. Domain F is the putative transmembrane domain with domains E and G rich in 
acidic and basic residues respectively, forming the putative membrane anchor and responsible for 
orientation of the protein in the membrane. 

In Cf9 plants (Cf9 NILs) there are five homologues present; Hcr9-9A through to 

9E, where Hcr9-9C is the functional gene whose product recognises Avr9 (Parniske et at, 

1997). In the case of Cf4 plants there are also 5 homologues, Hcr9-4A to 4E where Hcr9-

4D is the functional homologue that recognises Avr4 (Thomas et al, 1997). 

It was at first thought that Cf-9 was the only functional gene at that locus, as 

mutagenesis of Cf-9 produced disease sensitive seedlings (Hammond-Kosack et ciL, 

1994a). However, it was later revealed that additional genes function later in development 
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(Parniske cf oA, 1997). Inoculation of Cf9 NILs with race 5,9 of C. (lacking Avr9) 

when caiiied out at the eight-leaf stage resulted in an incompatible interaction. This 

suggests that the introgressed 1. (the species from which Q-P was 

identified) DNA contains an additional gene(s) that confers resistance. Transformation of 

MM-CfO plants with the ^crPs revealed that either Hcr9-9A or 9B or both, and Hcr9-9E 

are responsible for the observed resistance (Parniske cf a/., 1997). Pamiske a/. (1997) 

also showed that when transgenic CfO plants expressing the were inoculated with 

either race 5,9 or race 4 they exhibited an identical resistant phenotype to race 5. This 

data reveals that neither nor are required for the induction of resistance, and 

that in fact there must be additional Avr proteins (e.g. Avr9A or Avi^B, and Avr9E). 

Examination of a natural population of L for polymorphisms 

within the //c; revealed a second gene, 9DC, with the ability to specifically recognise 

Avr9 (van der Hoom gf aZ., 2001c). 9DC is more polymorphic than and is spread 

more widely throughout the natural population indicating it evolved before 

A similar observation was made for the locus using Cf-4 mutants. Despite the 

dismption of the ability of ( ^ 4 gene product to recognise Avr4, the plants were still 

resistant to infection by C.yw/vwm race 5 (Takken gf a/., 1999). By transforming CfO plants 

with the individual //crP-'^s it was demonstrated that Hcr9-4E confers resistance to C. 

yziZvwm race 5, whilst Hcr9-4A, 4B and 4C do not. The transgenic plants expressing 

did not respond to Avr4 thus there must be an additional Avr protein that has been 

designated Avr4E (Takken gf aA, 1999). 

The presence of these two gene clusters gives a clue to the possible evolution and 

diversiGcation of the genes. Generation of novel recognition specificities is impoitant for 

long-term resistance against constantly evolving pathogens and hence a predicted propeity 

of an ^ gene (Hammond-Kosack and Jones, 1997). 

1.3.2 Evolution of the Cf genes 

It has been proposed that no single gene allele is maintained at a high frequency 

as selection pressures exeited on a fungus may enable it to overcome the gene (Dixon gf 
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a/., 200U). As with crops that have all been bred to carry a specific gene, eventually the 

crop becomes vulnerable to pathogen attack by the very pathogen they were bred to resist 

(Leonard, 1994). It has been proposed that the observed sequence diversity of the genes 

can be maintained by frequency dependent selection. It is obvious why the plants need a 

mechanism to facilitate the evolution of its 7? gene(s) in order to compete with the 

evolving pathogen. With each new random change in virulence or resistance exeiting a 

selection pressure on the plant and pathogen respectively. 

Frequency dependent selection may explain the maintenance of the sequence 

diversity, but it does not explain the mechanisms by which the changes in the sequences 

arise. It has been shown that many of the ^ genes, including the Cy genes occur in 

complex multigene families (Dixon cf o/., 1996; Meyers <3/., 1998; Pamiske ef a/., 

1997). This may give us some insight into tlie generation of sequence changes and 

ultimately the generation of novel Avr recognition specificities. An example of this is that 

cross over events are more likely between two sequences when the physical distance 

between them is small. The organisation of the tomato Cy genes is a good example of this. 

Van der Hoom a/., (2001c) suggest that the variation between Cf proteins with different 

Avr recognition specificities act as a resei-voir of diversity as opposed to being a result of 

adaptive evolution. This came from the discovery of a second gene (9DC), which varies 

significantly (by 61 amino acids) from Cf-9 and yet has the same recognition specificity. 

Most of the ( y 7/cr2s, like RRP5 and RRPl homologues of contain 

variable numbers of LRRs, suggesting that this is important in the generation of novel 

recognition specificities (Botella gf aA, 1998; Dixon oA, 1998; Noel gf aZ., 1999). 

//crPs however, contain similar numbers of LRRs, most of the sequence diversity between 

the is observed in the putative solvent exposed p-strand/p-tum motif of the LRR 

proteins (Pamiske gf a/., 1997). It is possible that the ratio of synonymous to non-

synonymous substitutions at the solvent exposed residues is low, promoting variation, as 

oberserved within the LRR region of genes at the Dm3 locus in lettuce (Meyers gf a/., 

1998). 

Another possible mechanism for the generation of sequence diversity is 

recombination. In the case of this is coupled with a tendency for the genes in the 
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complex to mispair during meiosis (Hulbert, 1997). The locus of of the 

susceptible Columbia (Col-0) accession contains a single chimeric gene, which also 

appears to have aiisen through an unequal crossover event between linked genes 

(McDowell 1998). 

The absence of introns from the open reading frames (ORFs) of the genes 

means there is greater potential for mis-match alignment during meiosis. In addition, the 

highly regulai" nature of the ^cr2 LRRs (i.e. exactly 24 amino acids in length), further 

increases the likelihood of mis-alignment. The LRRs of the ^crPs are less regular in 

length and sequence when compared to the //cr2s and therefore mis-alignment is less 

likely in the T/crPs. This observation may explain the lack of vaiiation in LRR copy 

number between the ^cr9s relative to the ^cr2s. 

Comparisons of and ( ^ 9 haplotypes, provided evidence of sequence 

exchange between the /fcrPs, which could have contributed to the generation of novel 

recognition specificities (Pamiske gf a/., 1997). Pamiske and Jones (1999) studied more 

closely three loci of tandemly repeated ^ c r 9 genes; way (AfW) 

and It was found that the extent of sequence polymorphism within 

the gene family directly effects the generation of novel recognition speciOcities by 

recombination. It was found that high levels of sequence diversity are reflected in the 

physical separation of the //cr9s. There was however one exception at NorfAgm 

where one //cr9 carried specific sequence characteristics for 7!fcr9s at other loci, 

suggesting that a recent interlocus recombination event had occurred. 

There are clearly many mechanisms that operate and result in the generation of 

novel gene sequences that could result in the generation of novel recognition 

specificites. This is an important feature of genes, in order for plants to stay in the 'arms 

race' against pathogens and are discussed later. 

1.3.3 C. fu/yum virulence and a virulence proteins 

In order for C. to cause disease on tomato plants you would expect it to 

produce virulence factors, and loss of one or more would result in partial or complete loss 
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of ability to colonise the plant. Complete or partial loss of vimlence would depend upon 

whether the factor in question is essential for colonisation or just increases the vimlence of 

the fungus. 

Apoplastic washing fluids from tomato leaves infected by C. have been 

used to isolate various proteins secreted by the fungus. Apoplastic washes can be used as 

C. is restricted to the apoplast, and as such any plant-pathogen interactions are 

likely to occur extracellulaily. 

Extracellular proteins (ECPs) are secreted by all races of the fungus, the first to be 

purified and to have their corresponding genes isolated were ECPl and EPC2 (Van den 

Akerveken gf aZ., 1993). These genes aie highly transcribed upon colonisation of tomato 

leaves, suggesting a role in vimlence (Lauge gf a/., 1998b). However, deleting these 

genes from the fungal genome did not reduce the disease symptoms on two week old 

seedlings. However, when six-week-old plants were inoculated with ECP deficient 

strains, reduction in disease symptoms were observed. ECP2 deficient mutants poorly 

colonized the plant leaves, and secreted less Avr4 and Avr9. The ECPl deficient strains 

colonised the leaves and appealed from the stomata of the lower epidermis, but failed to 

spomlate as well as the wild type strain (Lauge gf oA, 1997). Thus both ECPl and ECP2 

can be considered vimlence factors, involved, perhaps, in the suppression of host defence 

responses or nutrieny uptake (Lauge gf aZ., 1997). 

ECP2 appeals to be the most important of the two vimlence factors as the 

reduction in vimlence was greatest when the E C f 2 gene was dismpted. So a screen of 

tomato plants that responded to ECP2 (ECf2 was expressed using PVX expression 

system) with the hypersensitive response was carried out. A single dominant gene was 

responsible for recognition of ECP2 and was designated Lauge gf a/., 1998a). It 

is thought that (y-ECf2 is a functional Cy homologue on chromosome 1, as Q-2 

homologs segregate with 2 and it is not found in the cluster (Haanstra gf 

aZ., 1999). As ECP2 is impoitant for full vimlence of C. ywZvwm there would be a selection 

pressure for the fungus to maintain it's encoding gene, so it would appear likely that the 

(^Ecp2 gene would be a durable line of defence and could be of great commercial benefit 

(Joosten and de Witt 1999). 
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Three additional ECPs that originate from C. have been identiAed, ECP3, 

4, and 5. They too are secreted in high amounts upon colonisation of tomato leaves. 

However the role of these pioteins as essential vimlence (and/or avirulence) factors has 

yet to be established (Joosten and de Witt, 1999). The evidence to date points to the ECPs 

of C. as being 'antigenic' to tomatoes as indicated by them all inducing the 

hypersensitive response on specfic tomato genotypes. 

Three of the C. avirulence genes and specifically 

recognised by the Cf genes have been cloned to date (Joosten gr o/., 1994; Luderer gf a/., 

2002; Vankan gr a/., 1991). Avr4 and Avr9 were identified by separation of apoplastic 

fluid obtained from plant infected with C. The various fractions were 

subsequently injected into tomato leaves of Cf4 and Cf9 near isogenic lines (NILs). The 

fractions that induced the hypersensitive response were identified and the proteins 

isolated. Avr4 induced the hypersensitive response in Cf4 tomatoes and Avr9 in Cf9 

tomatoes (Joosten and de Witt, 1999). Both avirulence proteins are encoded as pre-pro-

proteins that contain extiacellular signalling sequences, which are subsequently cleaved to 

form the mature proteins. The Avr4 mature protein consists of between 86 and 88 amino 

acids whilst the matme Avr9 protein is 28 amino acids in length (Joosten and de Witt, 

1999). Confirmation of Avr9 as an avirulence factor was obtained by disrupting the Av; 9 

gene in strains of C. that are normally avirulent on expressing plants. It was 

found that when the AvrP gene was completely deleted the fungus was able to infect the 

Cf9 plant; this indicates that Avr9 is not essential for vegetative growth or pathogenicity 

of the fungus (Marmiesse ef a/., 1993). 

A binary potato virus X (PVX)-based cDNA library was produced from race 5 of 

(Takken gr aZ., 2000) and subsequently used to isolate the Avr2 cDNA. The 

candidate cDNAs were introduced into to promote uptake of 

the cDNA by the plant cells, the PVX expression vector then drives expression of the 

cDNAs. Both Cf2 and Cf9 (as a negative control) plants were inoculated with colonies of 

A. carrying the candidate cDNAs. Colonies that specifically induced the 

hypersensitive response in the Cf2 but not the Cf9 plants were further analysed. The Avr2 

protein isolated, shares no sequence homology with other proteins found in the databases, 

or other Avr proteins of C. The cDNA is predicted to encode a protein of 78 
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amino acids, which includes eight cysteine residues. This is consistent with all other 

elicitors of C. characteiised to date, where an even number of cysteine residues aie 

present (Luderer gf a/., 2002b). 

Cysteine residues aie important for the fomation of disulphide bridges, such 

structures may also be important features of these elicitors. Luderer gf a/., (2002b), using 

mutational analysis and the PVX expression system, studied the importance of these 

cysteine residues in the C. elicitors, ECPl, ECP2 and ECP5, canying eight, four 

and six cysteine residues, respectively. It was shown that 4 of the ECP5 cysteines are 

absolutely essential for necrosis inducing activity and/ or stability, probably due to the 

formation of disulphide bridges. Seven of the eight mutants of ECPl resulted in complete 

loss of necrosis-inducing activity and the eigth resulted in reduction in necrosis inducing 

activity. Only one of the cysteine residues in ECP2 is absolutely required for necrosis-

inducing activity. As a pair of cysteine residues is required for disulphide biidges, these 

results indicate that in each protein, two of the cysteine residues are not involved in 

intramoleculai" disulphide bridges. It is possible that these residues form intermolecular 

disulphide bridges or are involved intermediate structures duiing protein folding. 

Disulphide bridges have been shown to occur during the folding of Avr9 (Van den 

Hooven gf a/., 1999). Intennolecular disulphide bridges could result in protein complexes, 

it is also plausible that the cysteine residues aie important for perception of the elicitor 

proteins by the plant, possibilities that are cunently being investigated (Luderer gr o/., 

2002b). 

The mechanisms by which the Cf proteins are able to recognise the Avr proteins 

and subsequently elicit a defense response is stiU to be determined. 

1.3.4 Recognition of C. fu/vum avirulence factors 

The Cy genes are predicted to encode the receptors for the C. jw/vwrn avirulence 

proteins. Many of the Cf proteins carry different numbers of LRRs, which are believed to 

form the recognition domain of the proteins. The LRR region is predicted to interact with 

proteinaceous ligands or other proteins with the LRR motif and is probably the receptor 

site of secreted elicitors of C yw/vwm (Joosten and de Witt, 1999). In addition there are 

speciHc residues, the solvent exposed residues, which are hyper-variable. It is this 
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variable region that is predicted to be involved in ligand binding, forming tlie recognition 

domain for the Avr proteins (Pamiske gf o/., 1997). 

Indeed certain LRRs and specific amino acids of Cf-4 and Cf-9 have been 

identified, by PCR shuffling and domain swaps, that are essential for specific recognition 

of Avr4 and Avr9 respectively. Using these methods, chimeras were produced 

and transiently expressed in expressing or AvrP. The chimeras were 

assessed for functionality by measuiing levels of necrosis (Wulff cf o/., 2001). Van der 

Hoom cr a/. (2001b) employed both domain swaps and mutant constructs for the same 

means. 

LRR number was shown to be essential for function. Only those chimeras 

containing 29 LRRs (the number of LRRs found in Cf-9) recognised Avr9, but could not 

recognise Avr4. Similarly the chimeras with two less LRRs (27 LRRs as foimd in Cf-4) 

recognised Avr4 but not Avr9 (Wulff a/., 2001; van der Hoom cf a/., 2001b). 

Sequences in the N-terminal portion of appear' to be important for function. 

Several solvent exposed amino acids in LRRs 13, 14 and 16 of Cf-4 were shown to be 

required for full function, implicating the importance of diversifying selection on the 

solvent exposed residues in the evolution of new recognition specificities (van der Hoom 

gf aZ., 2001b). A 10 amino acid deletion within domain B of Cf-4 relative to Cf-9 is also 

required for full Cf-4 function along with additional sequences in LRRs 11 and 12 (Wulff 

gf a/., 2001). 

The specificity of Cf-9 resides entirely in the CI domain (central LRRs), 

substituting LRRs 1 to 9 with the corresponding LRRs from Cf-4 resulted in reduced 

induction of HR. The region LRR 10 to LRR 18 also contains amino acids essential for 

Cf-9 function. Interestingly, this region also contains 15 of the 67 amino acids that 

distinguish it from (Wulff a/., 2001). 

Domain swaps between Cf-2 and Cf-5 have revealed the regions of the proteins 

required for the recognition of the Avrs (Seeai' and Dixon, 2003). Portions of the ( ^ 2 and 

Cy-J genes, encoding the conserved region (C-terminal portion of domain CI and domains 

C2-G), vaiiable region (majority of domain CI; LRRs 3 to 27 for Cf-2 and 3 to 21 for Cf-
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5) and the signal peptide (domains A and B) were reciprocally swapped. Each of the four 

constmcts was stably transformed into susceptible tomatoes and the transformants were 

tested by inoculation with C. Each constmct was functional and behaved 

according to the variable region, i.e. constmcts can-ying the variable region of Cf-2 

behaved as Cf-2 irrespective of whether the conserved regions were derived from Cf-2 or 

Cf-5 and vice versa (Seear and Dixon, 2003). The sequence differences outside LRR 3-27 

for Cf-2 and 3-21 for Cf-5 had iittle effect on the function of the R protein, demonstrating 

this region is impoitant for Avr2/5 recognition (Seear and Dixon, 2003). 

The importance of the Cf protein's LRRs in the recognition of Avrs is 

indisputable. However, whether they are directly involved in ligand binding is somewhat 

less certain. In fact, to date there is no evidence of a direct interaction between the Cf 

proteins and their corresponding Avrs. Luderer gf o/., (2001a) investigated the possibility 

of a direct interaction between Cf-9 and Avr9. Firstly binding studies were performed 

using Cf-9 expressed in COS or insect cells and radio-labelled Avr9. A second approach 

was employed using tobacco expressing where binding was detected by surface 

plasmon resonance and surface-enhanced laser desorption and ionisation. Neither 

approach detected any specific binding between Cf-9 and Avr9. These findings suggest 

that at least a third partner is involved in the recognition of Avr9. Indeed, evidence of a 

direct interaction between any of the R proteins and their conesponding Avr proteins is 

very limited. Third interacting partners have been proposed for a number of systems. One 

example where the third partner has been identified is the RPS5 gene of 

which encodes a NBS/LRR protein with a leucine zipper domain (WaiTen at al., 1998). 

RP5S confers resistance to races of pv. f AojeoZzco/o expressing 

avrfp/zB. A third gene, that encodes a functional kinase with similarity 

to Pto of tomato, is required for the perception of avrPphB (Swiderski and limes, 2001). It 

is proposed that PBSl is the viiiilence target of avrPphB and that PBSl is 'guarded' by 

RPS5 in a system analogous to the guard hypothesis proposed for the interactions between 

avrPto, Pto and Prf, by Van der Biezen and Jones (1998). 

One possible candidate for this interacting partner is a high affinity binding site 

(HABS) discovered by Kooman-Gersmann gr a/., 1996). A HABS for Avr9 has been 

identified in plasma membranes of mesophyll and suspension cells of solanaceous species 

(Kooman-Gersmann gf a/., 1996). These binding sites aie present in tomato lines with and 
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without Cf-9 and appear to be specific for Avr9 as Avr4 does not compete for binding. It 

would seem plausible that these HABS could be the virulence target of the Avi^ peptide. 

Binding of Avr9 to the HABS alone however, does not induce a hypersensitive response. 

The Cf proteins could serve to recognise an elicitor-HABS complex. Such an elicitor-

HABS complex need not be specific to plants expressing the (^-9 gene, but requires the 

Cf-9 protein in order to elicit a defence response. For example, in the case of MM-CfO 

plants the Avr9-HABS complex may be formed but no defence response will occur due to 

the absence of the Cf-9 protein. In support of this, a positive correlation was found 

between the binding affinity of synthetic and native Avr9 peptides for the HABS and the 

induction and spread of necrosis (Kooman-Gersmann gf a/., 1998). Tomato seedlings 

expressing both a Cy gene and the corresponding Aw gene die rapidly as a result of 

necrosis. This response is avoided if the plants are incubated at an elevated temperature of 

33°C (de Jong gf <?/., 2002). When incubated at 33°C, tobacco suspension cell cultures 

experience an 80% reduction in the amount of Avr9-HABS complexes, compared to 

incubation at 20°C (de Jong a/., 2002). This provides further suppoit for the theory of 

the HABS being the mechanism for Avi9 recognition. 

In addition to the HABS, it is possible that the Cf-9 protein is a low affinity 

binding site (LABS) for Avr9. In the presence of the HABS in isolated plasma 

membranes any binding of Avr9 to the LABS would remain undetected. 

An alternative model is that more than one Avr9 molecule can bind to a LABS. 

The LABS and the Cf-9 protein would subsequently f o m a heterodimer, which would 

make ligand binding possible and play some role in signal transduction. The LABS would 

be likely to include a cytoplasmic signalling domain as Cf-9 itself lacks an obvious 

signalling component. It may also be expected that the LABS would contain an 

extracytoplasmic LRR region to allow interactions between itself and the Cf-9 protein. 

Thus the LABS could possibly resemble the Xa21 protein of rice as described earlier. 

(Joosten and de Witt, 1999). 

More recently a high-affinity binding site for Avr4 has been identified (Westerink 

a/., 2002). The HABS was isolated from tomato microsomal membranes. In contrast to 

the Avr9 HABS, the Avr4 HABS is of fungal origin. It is believed that the fungal origin 

of the HABS is related to the virulence function of Avr4 (Westerink gf a/., 2002). 
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Additional candidates for the vimlence targets of the Avr peptides are the 7(c/-

(Required for C Resistance) gene products. Hammond-Kosack a/. (1994a) 

carried out a mutagenesis screen in order to study the process of Avr9 recognition and 

subsequent elicitation of a defence response. The mutagenesis was carried out in MM-Cf9 

plants. Two types of mutants were discovered, some with partial braking of resistance and 

others that were completely susceptible to infection by race 4 GUS of C. Four of 

the six plants that were completely susceptible were found to contain a mutation in the Cy: 

9 gene. Some of the partially resistant mutants had mutations in one or more genes other 

than Cy-P. Two mutants were recovered, neither of which map to Cy-9, nor do they appear 

to be linked to each other, indicating the presence of two other loci which play a role in 

dependent resistance. These two loci were designated and as they are 

required for full resistance. 

A similar observation has recently been made for the ( ^ 2 gene where a mutation, 

which effects Cf-2 dependent resistance, was identiAed at a new locus. Susceptible 

mutants were crossed with susceptible CfO plants and gave rise to resistant progeny 

proving the mutation was not in the ( ^ 2 gene. This new gene was designated / (c / j and 

with the use of mapping populations was shown to map to chromosome 2 (Dixon gf a/., 

2000). Dixon gf aZ. (2000) also revealed that there were both weak and strong mutant 

alleles at the locus, 7-cr.)-2 and allowed as much fungal growth as observed in 

a susceptible CfO plant, while was less susceptible. Using a GUS marker gene 

assay, fungal growth could be observed in the mutant one week post infection. 

However, two weeks post infection the fungal growth was observed to be intermediate of 

that on CfO and Cf2 plants. Thus rc/3-2 and rcrj-.? are strong suppressors of the ( ^ 2 

function whilst is a weak suppresser (Dixon gf a/., 2000). is specifically 

required for full Q-2-mediated resistance (Dixon gf aZ., 2000). It was revealed that / (cr j 

is not required for Q^P-mediated resistance and perhaps more interestingly nor is it 

required for Q^J-mediated resistance, despite the high homology between the Cf2 and Cf5 

proteins. 

Map-based cloning was used to isolate Sequencing revealed a high 

homology to papain-like cysteine endoproteases (Kriiger gr a/., 2002), being 44% identical 

to the senescence-induced cysteine protease SAG 12 from A. rAa/fana (Lohmann gf oZ., 

1994). It was therefore postulated that Rcr3 plays some role in general defence perhaps 
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programmed cell death, which is the target for Avr2. This is supported by the increase in 

expression levels of J during an infection and with increasing age (Kriiger cr o/., 

2002). Cf-2 could act as a guard for Rcr3, initiating a defence response upon recognition 

of a processed Rcr3 or an Avr2/Rcr3 complex. This is analogous to the Pto, AvrPto, Prf 

'guard hypothesis' where the /(cr genes are functionally analogous to f ro , and the Cy 

genes to f 

Further evidence in suppoil of the 'guard hypothesis' is the observation of an Avr2 

independent autonecrotic phenotype. Plants expressing ( ^ 2 in the presence of the 

recessive 1. allele exhibited an autonecrotic phenotype, the 

extent of which increases with age. No such phenotype was observed in plants expressing 

the 1. p f m p m g a l l e l e . As the L. j allele did not co-

evolve with Cy^2, which originates from L it is possible that a 'leaky 

signal' that results in the observed autonecrotic phenotype is generated (Kriiger a/., 

2002). It is possible that the differences in structure between RcrSpi^p and RcrSe^c is 

sufficient that RcrSesc is able to interact with Cf-2 in absence of a Hgand (Avr2) to 

generate this 'leaky signal', resulting in the activation of the defense pathways. 

As for all Avrs, the exact target for Avr2 is still unclear, although, Rcr3 seems a 

likely candidate. Once the invading pathogen has been detected a signal must be sent, to 

turn on the plant's defence mechanisms. 

1.3.5 Signalling of defence responses 

Upon recognition of an invading pathogen, the plant must elicit a defence 

response. To do this, specific signaUing events follow to ensure an effective and directed 

defence response ensues. Plants unable to either detect the pathogen or elicit a defence 

response, that is both specific and timely, will become colonised by the pathogen. There 

is to date no complete story of the signalling events that lead to the defence response in 

plants. There are however, many molecules that have been implicated in signalling of the 

defence response, these include salicylic acid (SA), ethylene, calcium ions (Ca^^), active 

oxygen species (AOS), protein kinases, phophoHpases, G proteins, and NADPH oxidase 

(Blumwald gf aA, 19^8; van Camp gf oZ., 1998). 
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Sequence comparisons of the Cf proteins revealed that the C-terminal 8.5 LRRs, 

along with the acidic, basic and transmembrane domains, were the most highly conserved. 

With the amino acid differences that distinguish Cf-4 from Cf-9 confined to the N-

terminal two thirds of the proteins (Thomas a/., 1997). Likewise, the Cf-2 and 5 

proteins are very similar when comparing their C-termini, but differ in the N-termini. This 

sequence conservation, specifically in the last 8.5 LRRs, suggests a conserved role. It is 

plausible that this conserved region of the proteins is either directly involved in signalling 

or indirectly via interactions with other signalling proteins, with the acidic, basic and 

putative transmembrane domains forming a membrane anchor. 

As witli most plant defence mechanisms little is known of how the Cf proteins are 

involved in the signalling of a defence response. They carry no obvious signalling 

domains and so need to recruit other molecules to initiate a signalling pathway. It is 

possible that the Cf proteins form complexes like those seen in with the 

CLAVATA proteins. 

CLAVATAl, CLAVATA2 and CLAVATA3 (CLVl, 2 and 3) are proteins that are 

required for the maintenance of the balance between cell proliferation and organ formation 

at root and flower meristems in (Trotochaud gf aA, 1999). CLVl is a receptor 

like protein kinase similar to the rice disease resistance gene product Xa21 (Song gf 

a/., 1995). CZ,y2 encodes a receptor like protein, with an extracellular domain composed 

of LRRs (Jeong gf aZ., 1999). Trotochaud gf a/. (1999) revealed that C1V7 is present as an 

inactive disulphide linked heterodimer, and that CLV3 functions to assemble the active 

complex. CLV2 and CLVl are postulated to form the inactive disulphide linked 

heterodimer of approximately 185 kDa (Jeong gr a/., 1999). An active complex of 

450kDa is then formed upon recognition of CLV3 (the ligand) and after phosphorylation 

of the kinase domains of CLVl. In addition to the three CLAVATA proteins, this 

membrane complex comprises the protein phophatase Kapp and a Rho GTPase-related 

(Rop) protein. (Trotochaud gf aZ., 1999). As CLV2 and Cf-9 are similar structurally and 

are both activated by a small extracellular protein, it has been proposed that Cf-9 mediated 

defence signalling may occur by a mechanism similar to that of the CLAVATA proteins 

(Luderer gf aZ., 2001a). 
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Similai" to the CLAVATA proteins Cf-4 and Cf-9 were found in membrane bound 

complexes, approximately 400 and 420kDa respectively (Rivas aA, 2002a; Rivas cf a/., 

2002b). Each complex contained only one Cf molecule with the other components 

believed to be involved in signalling. Unlike the CLAVATA complexes these Cf 

complexes lack disulphide bridges and aie formed irrespective of ligand (Avr4 or 9-

elicitation) (Rivas <?/., 2002a, Rivas cr a/., 2002b). However, a second protein was 

never puiified from these complexes, casting doubt over these Rndings. It is also unusual 

that the signalling complexes are produced irrespective of the presence of the ligand. 

Whether the Cf proteins form membrane complexes to signal for defence in a manner 

similar to the CLAVATA model is still unceitain. 

Only a few molecules have been positively identified as performing a role in Cf-

mediated defence the Arst example is AOS. One of the earliest responses to elicitor 

recognition observed with the Cf proteins is the production of AOS. Such active oxygen 

species could be directly fungitoxic, induce ceU wall strengthening and induce HR. In 

other plant/pathogen systems AOS have been demonstrated as signalling molecules 

contributing to defence gene activation (Clarke gf aZ., 2000; Dumer gf a/., 1998; Hancock 

f / oA, 2002; van Camp a/., 1998). After injection of cotyledons with apoplastic fluid 

containing the elicitors superoxide was noted within 2 hours, which probably marked the 

onset of the HR (Hammond-Kosack gr aA, 1996). Tobacco suspension culture cells, 

expressing ( ^ 9 , treated with pure or synthetic Avr9 produce active oxygen species within 

5 minutes. This is substantially faster than that observed m p W f a (Piedras gf o/., 1998). 

Inhibitor studies revealed that AOS production is almost certainly due to NADPH oxidase 

and is mediated by calcium uptake, protein kinase activation and phospholipases (Piedras 

gf o/., 1998). Xing gf a/. (1997b) demonstrated an increase in oxidase activity and in p67-

phox, p47-phox and rac2 recruitment to the plasma membrane as a result of treating (^-4 

and (y-J expressing tomato cells with Avr4 and Avi-S respectively, lending support to the 

theory that NADPH oxidase is responsible for the production of AOS. The assemply of 

the active NADPH oxidase is catalysed by a calcium dependent protein kinase that is not 

like protein kinase C (PKC) (Xing gf a/., 1997b). 

Several protein kinases have been identified that are important in the onset of a 

defence response in the Cf-9/Avr9 system. Two of the first protein kinases identified were 
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shown to he activated within 5 minutes of Avi9 elicitation in both tobacco plants and cell 

suspension cultures (Romeis (//., 1999). The two proteins were shown to be similar to 

WIPK (wound induced protein kinase) and SAIPK (salicylic acid induced protein kinase), 

two mitogen activated like protein kinases (MAP like kinases) (Romeis gf o/., 1999). Both 

calcium influx and phosphorylation events wem shown to be important in the activation of 

these kinases. 

In addition calcium dependent protein kinases (CDPKs) have been found in 

tobacco that are important in the same response. CDPKs are calciimi-binding 

serone/threonine protein kinases which aie regulated by an autoinhibitory domain joined 

to a regulatory calmodulin-like domain (Romeis er a/., 2001). It is thought that CDPKs, 

which thus far have not been identified in yeast and animal systems, perform the roles 

fulfilled by protein kinase C and calmodulin-dependent-kinases in yeast and animals 

(Romeis gf a/., 2001). Romeis gf aA, (2000), using in-gel kinase assays, identified a 

CDPK that was converted from a 68kDa to a 70kDa form upon elicitation with Avr9, 

suggesting a role in defence activation. The change in size was demonstrated to be due to 

a phosphorylation event (not autophosphorylation). 

Two CDPKs cDNAs (MCDf^2 and were isolated from Avr9 elicited 

TV. suspension cell cultures expressing Cy-9 (Romeis gf a/., 2001). Analysis of an 

epitope-tagged version of NtCDPK2 revealed a conversion between two enzyme forms 

induced by both abiotic (osmotic) and biotic (Avr9 elicitation) stresses. The activated 

form demonstrated elevated protein kinase activity (Romeis gf a/., 2001). Silencing of the 

sub-family, by virus induced gene silencing (VIGS), resulted in plants 

compromised in the activation of Cf-9/Avr9 and Cf-4/Avr4 HR, indicating the 

involvement of this CDPK sub-family in a gene-for-gene defence-related signal cascade 

(Romeis gf a/., 2001). Silencing of the sub-family, despite simUai" induction 

profiles, had no effect on the transcript levels of the MAPK, WIPK, suggesting they 

function by two distinct pathways (Romeis gf aZ., 2001). 

The importance of the CDPKs also implicates calcium ions themselves as 

candidates for signalling molecules of the Cf-mediated defence response. Indeed probably 

the earliest of responses to elcitation is an increase in cytosolic calcium ion concentration. 
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Plasma membrane channels mediate calcium ion influx whilst efOux is mediated by 

plasma membrane calcium ATPases. Within 30 minutes of m Wvo elicitor (Avr5) 

treatment, an inhibition of tomato plasma membrane calcium ATPases was observed in 

tomato cells expressing This inhibition was specific to Avr5 and independent from 

modifications of the self-inhibitory domain of the pump (Lam gf a/., 1998). In addition to 

calcium ions, changes in potassium ion concentrations are important early signalling 

events. A rapid Avr9-induced potassitmi ion efflux and inhibition of influx is observed in 

tobacco guard cells, specifically those expressing C/^9 (Blatt a/., 1999). The obsei-ved 

changes are directed towards two discrete potassium channels, controlled by 

phosphorylation and are irreversible (Blatt gf a/., 1999). 

The plasma membrane H^ATPase also plays a role in Cf-mediated defence. 

Elicitation of tomato cells expressing J with preparations containing Avr5 experienced 

a dephosphorylation of the PM H^ATPase, a change not observed with preparations 

lacking Avr5 (Xing aZ., 1996). The dephosphorylation event was blocked using 

antibodies raised against the G protein a-subunit, demonstrating a role for G proteins in 

the Cf-5/Avr5 mediated defence response (Xing gf a/., 1997a). Rephosphorylation of the 

PM H^ATPase occurred after treatment with elicitor preparations from an incompatible 

interaction after 2 hours. The rephosphorylation occuiTed via a calcium dependent protein 

kinase and was enhanced during the first horn" by protein kinase C (PKC) and inhibited by 

PKC inhibitors (Xing gf aZ., 1996). A second kinase, inhibited by a calmodulin agonist, 

was responsible for the continued rephosphorylation. Activation of the second kinase was 

dependent upon the prior activation of the PKC-like kinase (Xing gf a/., 1996). 

Although there is no clear signalling pathway that leads from Cf-mediated 

pathogen detection through to pathogen containment, it seems likely that more than one 

pathway is involved. This is demonstrated by the involvement of both MAPKs and 

CDPKs. One thing seems clear that changes in calcium ion concentration plays a very 

important role, with calcium dependent protein kinases detecting such a change and in turn 

activating other enzymes that ultimately result in the defence response. Changes in other 

ion concentrations (e.g.potassium and hydrogen) brought about by changes in activities of 

PM pumps and channels is likely to be involved in the activation of Cf-mediated defence 

responses. However, their precise roles remain unclear. 
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1.3.6 Subcellular localisation of Cf proteins 

The Cy genes are predicted to encode predominantly extiacytoplasmic, plasma 

membrane anchored LRR glycoproteins. An ER retrieval-retention motif present in the C 

terminus of the Cf-4 and 9 proteins suggests an ER location. This dilysine (KKxx) 

sequence motif is characteristically involved in mammals and yeast with the retrieval of 

the protein from the golgi to the ER (Thomas oA, 1998). Piedras cf a/. (2000) epitope-

tagged the Cf-9 protein with the mammalian triple-c-Myc sequence to which monoclonal 

antibodies have been raised. Sub-cellulai" fractionation revealed that the Cf-9 protein 

enriches with the plasma membrane fraction, and that the m^ority of the protein is 

extracellular. The perception of the Avr proteins has been shown to occur extraceDularly, 

Moneymaker (MM) Cf4 and Cf9 NILs were inoculated with or PVXiLAvrP. A 

hypersensitive response was only recorded when the elicitor proteins contained a signal 

sequence for extracellular targeting (Joosten and de Witt, 1999). Using two different 

approaches, both a Cf-9-green fluorescent protein fusion protein, and haemaglutenin 

epitope tagging of Cf-9, Benghezal gf oA (2000), demonstrated that the Cf-9 protein is 

retiieved and retained in the endoplasmic reticulum, a process which, is saturable, casting 

some doubt over the Andings of Piedras gf of. (2000). 

Subsequent studies suppoited the findings of Piedras gf aZ. (2000), the dilysine 

motif was shown not to be required for Cf-9 function (Van der Hoom, gf aZ., 2001a). 

Van der Hoorn gf aZ. (2001a) produced Cf-9 peptides with a mutated dilysine 

repeat (the motif KKRY was changed to AARY). There was no significant difference 

observed between the mutant and wild type peptide in the recognition of Avr9. It was 

noted that the ER retrieval-retention signal could be weakened, in yeast, by phenlyalanine 

(F) or tyrosine (Y) residues at the C terminus. As the Cf-9 motif is KKRY the mutated 

peptide KKAA was tested, again there was no significant difference between the ability of 

the wild type and mutant peptide in the recognition of Avr9. Thus it was concluded that 

this motif (KKRY) was not essential for Cf-9 function. A truncated Cf-9 protein was also 

produced, with the transmembrane domain and the G domain deleted, this peptide was 

unable to recognise the Avr9 peptide (Van der Hoom gf aZ. 2001a). This revealed that 

although the dilysine motif is not required for Cf-9 function the membrane anchor is. This 

recent evidence indicates a plasma membrane localisation of the Cf-9 protein, confirming 

Page 49 



the Andings of Piedras gf a/. (2000). The decision to study the localisation of Cf-2, which 

differs from Cf-9 as it lack the dilysine motif, was made before the emergence of this 

recent evidence, whilst there was still some contioversy over the localisation of Cf-9. 

The aim of this project is to learn more about the expression of the Cy-2 gene and 

biochemistry of the gene product. 

There is an intrinsic logic that, like other Cf proteins, ( ^ 2 is predominantly 

extracytoplasmic and glycosylated, the intial project aim is to investigate this. 

The Cf proteins are predicted to be receptors for molecules from a fungus which 

lives entirely in the apoplast and which does not produce haustoria. It would therefore 

seem logical that the receptors should span the plasma membrane, to allow for recognition 

and signal transduction. Initial studies investigating the subcellular' distribution of ( ^ 9 

were consistent with current thinking (Piedras gf a/., 2000), however controversy resulted 

from a second study (Benghezal gf aZ., 2000). 

The proposed studies of this project will begin with epitope-tagging of the C-

terminal portion of Cf-2. A method of epitope-tagging was chosen over direct 

immunolabelling because there are many genes similar to ( ^ 2 in both tomato and 

tobacco. This would make it a difGcult task to raise specific antibodies, particularly if all 

encoded proteins are highly glycosylated. As a result a 3x c-Myc epitope-tag to which 

monoclonal antibodies are commercially available, was inseited into the C-terminal 

portion of Cf-2. The C-terminal portion was chosen as the site of epitope-tagging as this 

region is believed to play no part in the response to the invading pathogen, functioning 

only as a membrane anchor. Thus by inserting the epitope-tag in the C-terminal portion it 

should be possible to produce fully functional, tagged proteins. 

The epitope-tagged ( ^ 2 gene under the control of its own promotor and the 

cauliflower mosaic virus (CaMV) 35S promoter will be transformed into both tobacco and 

susceptible tomato plants using There is evidence to 
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suggest that over-expression of the gene is detrimental to tomato plants. The 35S 

promotor was used by Piedras cr a/. (2000) and it is believed to be necessai y to do the 

same as the level of expression of Cŷ 2 under its native promoter is predicted to be too 

low. 

Once tiansgenic plants have been produced it will then be possible to investigate 

the subcellular distribution of the protein, using cell fractionation. 

Prior to investigating the subcellular distribution, the functionality of the epitope-

tagged protein will be tested by inoculation with C. yw/vwm race 4G[/6'. C. /wWrn race 

4G[/S is a transgenic race, caiTying the reporter gene (Oliver et al., 1993). This line 

carries AVR2 and can therefore be employed to assess the function of the epitope-tagged 

Cf-2. The reporter gene can be used for both qualitative and quantitative analysis of 

infection. 

Transgenic plants, carrying a functional epitope-tagged ( ^ 2 gene, would serve as 

a useful tool when investigating interacting proteins. Cf-2 is proposed to serve two 

functions, firstly to recognise the fungal avirulence protein Avr2 and secondly to signal 

that recognition event. So additional proteins could be involved in the perception of the 

fungal avirulence protein and/or be involved in signal tranduction. One potential 

interactor is Rcr3. There are several hypothesised roles for this gene although its function 

has not yet been determined. At the onset of this work was close to being cloned 

allowing the potential for future independent or collaborative studies to be undertaken. 

The second part of this project is concerned with the expression patterns of the 

2 and genes. Using Cf promoter GUS fusion constructs stably transformed into 

tomato (Torres, Smoker and Jones, unpublished). Initial experiments will investigate the 

onset of expression of the genes in seedlings. A similar expeiiment will be performed on 

mature plants to see if patterns exhibited in seedlings, if any, are consistent with the 

expression in mature plants. 

In addition to investigations of the temporal pattern of gene expression, induction 

profiles of the genes will also be conducted. The promoter GUS fusion lines will be 
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crossed to CfO, CQ and Cf9 and treated with intercellular fluid (IF) obtained from a 

compatible C. tomato interaction. The aim of this is to investigate the effects of 

specific elicitors on gene expression. 

It has become apparent that (^dependent defence is not as simple as once thought, 

with additional components having been discovered i.e. the (required for 

CWojponwTM Resistance) genes, and the High Affinity Binding Site (HABS) of Cf-9 

(Dixon era/., 2000; Hammond-Kosack gf a/., 1994a; Kooman-Gersmann a/., 1996). 

Understanding the expression patterns of the Cy genes may give insight into their 

involvement in defence against C. ^ W m . 
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Chapter two 

2 IVIaterials and methods 

2.) So/uf/ons 

^ Potato Dextrose Agar: Quantities aie per litre; lOg PDA. 6.25g agar, for selection 

250^1/ml of streptomycin is added. 

lOx agarose gel loading dye: 0.25% (w/v) Orange G, 15% (w/v) ficoU in water 

lOx MEN: 0.2M MOPS, 80mM Sodium acetate, lOmM EDTA. 

2x protein sample bulfer:125mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, 

10% (v/v) P-mercaptoethanol, 0.002% (w/v) bromophenol blue. 

20x SSC: 175.3g NaCl, 88.2g sodium citrate, HoO to 1 litre, pH to 7.0 (NaOH or HCl). 

Acetate buffer: Mix 0.2M sodium acetate and 0.2M acetic acid to the desiied pH (do not 

autoclave). 

Alkaline phenol: 1ml saturated phenol, 2ml 0.2M sodium hydroxide. 

Blocking solution: lOOmM maleic acid, 150mM NaCl, 1% (w/v) blocking reagent 

(Boehnnger Maimheim, Lewes, UK). 

Church and Gilbert hybridisation buffer: 0.3M sodium phosphate buffer pH 7.5, 1% 

(w/v) BSA, 7% (w/v) SDS (Church and Gilbert, 1984). 

Denaturation solution: 0.5M NaOH. 1.5M NaCl. 
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Destain solution 1: 30% (v/v) methanol, 10% (v/v) acetic acid. 

Destain solution 2: 10% (v/v) acetic acid. 

Detection buffer: lOOmM Tris-HCl, lOOmM NaCl, pH 9.5. 

Freezing buffer: lOmM MES (pH 6.3), 45mM MnC1.4H20, lOmM CaCb.l HoQ, 

lOOmM KCl, 3mM Hexaminecobalt chloiide, 10% (v/v) glycerol. 

Hybridisation buffer: 7%' (w/v) SDS, 2%- (v/v) blocking reagent (Boehringer Mannheim, 

Lewes, UK), ImM EDTA, 0.2M sodium phosphate buffer: pH 7.2. 

Hybridisation washing buffer: lOOmM sodium phosphate buffer, ImM EDTA, 1% 

(w/v) SDS 

L broth: Quantities aie per litre; lOg Bacto Tryptone, 5g yeast extract, 5g sodium 

chloride, Ig D-glucose. 1% (w/v) agar is added for solid, autoclave after preparation. 

Maleic acid buffer: O.IM maleic acid, 0.15M NaCI, pH to 7.5 with NaOH. 

Minimal A media: Quantities are per litre; 10.5g di-potassium hydrogen orthophosphate, 

4.5g potassium di-hydrogen orthophosphate, Ig ammonium sulphate, 0.5g sodium citrate, 

2g glucose. Prior to use add ImM magnesium sulphate, and 1.5% (w/v) agar to make 

solid. 

Neutralisation solution: 1.5M NaCl, 0.5M Tiis-HCl pH 7.4. 

PBS: 15mM sodium phosphate buffer pH 7.0 (as above), 150mM NaCl. 

Protein gel running buffer: 25mM Trisma base, 3.5mM SDS and 0.2M glycine. 
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SOC media: Quantities aie per litre; 20g Bacto Tryptone, 5g yeast extiact, 0.58g sodium 

chloiide, 2.5ml IM potassium chloiide, 4.5g D-glucose, pH to 7.0 with sodium hydroxide, 

and autoclave. Just prior to use lOO^il/lOml of steiile IM magnesium chloride is added. 

Sodium phosphate bufkr (IM): IM Na2HP04 (relatively acidic), IM NaH2P04 

(relatively basic), mix appropiiate amounts until desired pH is achieved. 

Solution I: 50mM Tiis-HCl, lOmM EDTA, lOOpg RNase A/ml. 

Solution n : 0.2M NaOH, 1% (w/v) SDS. 

Solution n i : 3M potassium, 5M Acetate. 

TBS: 50mM Trisma-HCl pH 7.5, 150mM NaCl. 

TBST: 0.1 % (v/v) tween 20 in TBS 

Tobacco regeneration media: Ix MS media with Gambourg B5 vitamins (Duchefa, The 

Netherlands), 3% (w/v) sucrose, pH 5.7 with KOH (0.7% (w/v) bacto-agar for solid). 

500mg/l Augmentin (Duchefa, The Netherlands) and a suitable selective antibiotic 

(300mg/l kanamycin) were added for selection of transformants. 

Tobacco suspension media: Ix MS media with Gambourg B5 vitamins, 3% (w/v) 

sucrose, lmg/1 2,4-D, 2mg/l BAP, pH 5.7 (with KOH). 

Tomato co-culdvation media: Ix MS media with Nitchs vitamins (Duchefa), 3% (w/v) 

sucrose, pH 5.7 with KOH, lmg/1 2,4-D (0.7% (w/v) bacto-agar for solid). 

Tomato regeneration media: Ix MS media with Nitchs vitamins, 2% (w/v) sucrose, pH 

6.0 with KOH, 2mg/l Zeatin riboside (shooting media), 0.18mg/l lAA (rooting media), 

(0.7% (w/v) bacto-agar fro solid). 150mg/ml Timentin (Duchefa, The Netherlands), and a 
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suitable selective antibiotic (lOOmg/ml kanamycin) were added for selection of 

transformants. 

Washing buffer: lOOmM maleic acid, 150mM NaCl, 0.3% (v/v) Tween 20. 

X-Gluc stain: ImM EDTA, 0.5mg/ml X-gluc in DMF, 50mM phosphate buffer pH 7.0, 

0.05% (v/v) Triton X-100. 

Page 56 



2.2 Profoco/s 

2.2.1 DNA digests 

In preparation of a vector and/or insert obtained from a plasmid, at least l^ig of 

DNA was digested. For tests of plasmid clones 200-500ng of DNA was digested. The 

digest mix consisted of Ix of the appropiiate buffer (according to and supplied by 

manufactui er) with <10% (v/v) of enzyme. To prevent Star activity, Ba/77HI digests were 

performed with final glycerol (and hence enzyme) concentration below 7% (v/v). For 

preparation of vectors and inserts the digests were left over night at 37°C, all other test 

digests were peiformed at 37°C for 2-5 hours (Restriction enzymes were obtained from 

Piomega, Southampton, UK). 

For partial digestion of DNA, tubes were set up containing equivalent amounts of 

DNA in Ix the appropriate buffer. An equal volume of enzyme in Ix buffer is added to 

the Rrst tube and mixed thoroughly. Half of the solution was removed and placed in the 

second tube; again half of the solution is removed and placed into the third tube and so on 

to produce a dilution series of enzyme. The digests wem carried out at 37°C for no more 

than 1 hour. 

2.2.2 Phosphatase treatment of DNA 

Where vector DNA was cut with a single enzyme, to prevent self-ligation the DNA 

was treated with shrimp alkaline phosphatase (SAP) to remove terminal 5' phosphates. 

For ends with a 3' overhang 0.5u SAP/pmol of ends was added to the digest. For blunt 

ends 0.2u SAP/pmol of ends was added, and for ends with a 5' overhang O.lu SAP/pmol 

of ends was added (Promega, Southampton, UK). SAP works in most buffers and was 

therefore added directly into the digest mixture. Before ligation reactions the SAP was 

heat inactivated at 65°C for 20 minutes. 
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2.2.3 Agarose gel electrophoresis of DNA 

Gels were prepared and electrophoresis canied out according to Sambrook g/ a/., 

(1989). Gels were prepared by dissolving agarose 0.7 -1.5% (w/v) in Ix TAB buffer, by 

bringing to the boil in a microwave. The gel was cooled to below 50°C, and lp,g/ml 

(Anal) ethidium bromide added. The gel was poured into a gel mould, into which a well 

former was placed and left to set at room temperature. The DNA was prepared in Ix 

orange G loading dye (lOx Orange G: 0.25% (w/v) Orange G, 15% (w/v) ficoll in water). 

Electiophoresis was canied out in Ix TAB and run at 10-15Vcm'^ until the desired amount 

of separation of the DNA fragments was achieved. 

The DNA was visualised using an Alpha ImagerT) '̂ 1220 (Alpha Innotech, supplied 

by GRI, Braintiee, UK), the size of the fragments were estimated by comparison to a Ikb 

DNA ladder (Gibco BRL, Cheshire, UK). 

2.2.4 Isolation of DNA from agarose gels (Kit method) 

DNA fragments (0.5-5kb) separated by agarose gel electrophoresis were excised 

from the gel with a razor blade. The DNA was purified using a Machery-Nagel 

Nucleospin® kit (AB-Gene, Epsom, UK) in accordance with the manufacturer's 

instructions. 

2.2.5 Isolation of DNA from agarose gels by electro-elutlon 

Fragments that were smaller than 500bp or larger than 5kb were puriGed by 

electroelution (Sambrook gf aZ., 1989), as these fragments are not optimal for isolation 

using a kit (see above). The DNA fragments were excised from the agarose gel using a 

razor blade. Gel fragments were sealed in dialysis tubing with 50|il of TE and placed back 

into the electrophoresis tank. The DNA was run from the gel into the elution tube, the 

current was reversed for 2 seconds prior to aspirating the DNA solution. ISO îl of phenol 

was added to the DNA solution, mixed thoroughly and centrifuged for 1 minute at 13000 

x g in a bench top microcentrifuge. The aqueous phase (top phase) was removed and 

mixed with 150|il phenol chloroform (1:1) and centrifuged as before. The aqueous phase 

(top phase) was recovered and the DNA precipitated by ethanol salt precipitation. 
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2.2.6 Ethanol salt precipitation 

Small volumes of DNA were made up to 20^1 with water. 2.5 volumes of 100% 

ethanol and 1/10 volume of 3M sodium acetate pH 5.4 was added to one volume of DNA 

solution. Samples were mixed thoroughly (a vortex was only used on DNA fragments less 

than lOkb) and placed at -20°C for 20-30 minutes. The DNA was pelleted by 

centiifugation at full speed in a bench top microcentrifuge (13000 x g) for 20-30 minutes. 

The supernatant was discaided and salts removed by washing with 70% (v/v) ethanol. The 

DNA pellet was either air dried or dried in a heating block at 50°C and resuspended in an 

appropriate volume of water or TE. 

2.2.7 The polymerase chain reaction 

Either AGSGold Taq kit (Hybaid, London, UK) or Biomix (Bioline, London, UK) 

was used for each reaction, according to manufacturers instruction. Final concentrations 

used; 10-20ng Genomic DNA/ l-5ng Plasmid DNA/ l|il of a 5ml culture grown for 1.5-2 

hours at 37°C (E. co//) or 4-6 hours at 28°C (Agm^acfenwm). AGSGold method: Ix PCR 

buffer (Hybaid, London, UK), Ix PCR enhancer (Hybaid, London, UK), 2.0mM MgClz, 

200nM dNTPs, 500nM of both primers I and n, lnl/100|Lil reaction AGS Gold Taq 

(5u/l|i), with analar HoO to make to volume. Bioline (London, UK) method: Ix Biomix 

(contains Taq, buffer, dNTPs), 500nM of each primer. The general PCR cycle was 

preceded by a two-minute denaturation step (94°C). Each cycle began with a 15-30 

second denaturation period (94 °C), followed by a 15-30 second annealing period. The 

aimealing temperature was estimated by the following general equation: 

Annealing temp = (2(Z As and Ts in primer) + 4(Z Cs and Gs in primer)) - 4 

This was reGned through trial and error. The annealing step was followed by an 

extension phase (Iminute per Kb of DNA to be amplified, at 72°C). This cycle was 

repeated 30-40 times. The final cycle was followed by a five-minute extension period 

(72°C) and a 14°C hold. 
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2.2.8 Ligations 

Ligations were carried out according to manufacturers instructions. Insert and 

vector DNA were prepared by digestion with restiiction enzymes. Vector and insert were 

mixed and ethanol/salt precipitated if the volumes were greater than 4|il. In general lOOng 

of vector was used with the insert in approximately 3-5 fold molar excess. Ligation 

volumes were 7|i] and compiised of Ix ligation buffer (Promega, Southampton, UK or 

Gibco BRL, Cheshire, UK) and 0.5|Lil of T4 DNA ligase (3u/|ll, Promega, Southampton, 

UK or Gibco BRL, Cheshire, UK). 

Generally ligations were carried out at 16°C over night. Sticky-end ligations 

considered non-problematic were left at room temperature for 2 hours. 

2.2.9 Production of competent bacteria (CaCb method) 

Competent bacteria were produced and subsequently transformed (2.2.9, 10 and 

11) according to Sambrook gf a/., (1989). E. coZz strain DH5a was streaked onto a plate of 

L-agar and grown at 37°C over night. One or two colonies were picked and used to 

inoculate 5ml of L-broth, and allowed to grow over night at 37°C. The bacteria were 

diluted in L-broth (1-2% v/v) and grown to ODgoo of between 0.5 and 0.7. Cultures were 

cooled on ice for 10 minutes and subsequent steps performed at 1-4°C. Bacteria were 

recovered by centrifugation at 4000rpm (in a Sorvall SLA600 rotor) for 10 minutes at 4°C. 

The supernatant was aspirated and the tube inverted to ensure all media drained. The 

bacteria were resuspended in 20ml of ice cold freezing buffer and the cells recovered by 

centrifugation as before. The buffer was completely removed, the bacteria resuspended in 

a final volume of 4ml of freezing buffer and snap frozen in lOO îl aliquots on dry ice. 

Cells were stored at -80°C. 

2.2.10 Transformations (CaClg method) 

Competent cells were thawed on ice; chilled DNA (<10% of cell volimie) was 

added and left on ice for 30 minutes. Cells were heat shocked at 42°C for 90-120 seconds. 
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Im] of L-broth added and the cells left to recover at 37°C for 45-60 minutes. The bacteria 

were recovered by centrifugation at full speed in a bech top microcentrifuge (13000 x g) 

for one minute and most of the supernatant discarded. Bactena were resuspended in the 

remaining supernatant and spread on L-agai" plates with the appropriate selection. For 

pGex and pBS vectors: 50|ig/ml of ampicillin was added. 

For the Cf-2 binary cosmid and constructs for plant transformation: S^ig/ml of 

tetracycline was added. 

Where pBluescdpt II (Stratagene, UK) was used the complemetation assay 

(blue/white selection) was employed to identify successfully transformed cells. This assay 

utilises the properties of the E. co// /oc operon. The operon consists of an inducer (Zac I) 

and its promoter, the promoter and operator and three genes (Zoc Z, 7 and A) that 

encode the enzyme P-galactosidase. In the absence of lactose, a repressor protein binds 

the lac operator, preventing transcription of the genes in the operon. The Bluescript 

cloning vector contains 131 amino acids of the P-galactosidase coding sequence, 

interrupted by a poly linker site. IPTG, a lactose analogue, binds to the repressor protein 

switching on the operon, which in the presence of the substrate X-gal results in blue 

colonies. Insertion of DNA into the polylinker site disrupts the Zac Z fragment resulting in 

white colonies. 

40^1 of 20mg/ml X-gal (in dimethylformamide) and 4!il of 200mg/ml IPTG were 

spread over the surface of the agar plates. Water was applied to the surface of each plate 

before adding IPTG and X-gal to ensure even coverage. 

2.2.11 Preparation of electro-competent bacteria 

E. co/f strain DH5a was streaked onto a plate of L-agar and grown at over 

night. One or two colonies were picked, used to inoculate 5ml of L-broth and grown over 

night at 37°C. The 5ml o/n cultures were diluted in L-broth (1-2% v/v), and grown to an 

ODeoo of 0.5 to 0.7. Cultures were chilled on ice for 15-30 minutes and the bacteria 

recovered by centrifugation at 4°C for 10 minutes at 4000rpm (in a Sorvall SLA600 rotor). 
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All subsequent steps were carried out below 4°C, care was taken that the cultures did not 

freeze. The supernatant was decanted and drained by inversion of the tube. To remove all 

salts the pelleted bacteria were resuspended in their original volume (volume of cultures at 

OD600 of 0.5 to 0.7) of sterile, ice-cold water. The bacteiia were recovered again by 

centrifugation, as before, the supernatant removed and the bacteria resuspended in 50% of 

the original volume in cold sterile water. Once again the bacteria were recovered by 

centrifugation the supernatant removed and the bacteria resuspended in 2% of the original 

volume of cold sterile 10% (v/v) glycerol. The bacteria were recovered for a final time as 

before and resuspended in 0.25% of the original volume in cold sterile 10% (v/v) glycerol, 

snap frozen on dry ice in 40pl aliquots and stored at -80°C. 

2.2.12 Electro-transformation 

Electio-competent cells were thawed on ice and DNA added (DNA was 

precipitated to remove salts and resuspended in l-2|il of water prior to transformation). 

Cells and DNA were put into a pre-chilled electroporation cuvette and subjected to an 

electric shock of 12.5kV/cm. 1ml of SOC medium was added Immediately after the 

shock and cells allowed to recover at 37°C for 45-60 minutes before being spread on 

plates of L-agar with the appropriate selection (as above). 

2.2.13 Taking filter-lifts of colonies, for colony screening 

Asymmetrical marks were made on niters (Hybond N, Amersham Pharmacia, 

Little Chalfont, UK) cut to fit petri dishes. Filters were laid onto colonies and 

identification marks were copied onto the back of the petri dishes (these marks will be 

used for orientating the filters after the hybridisation). After filters became damp they 

were removed taking care not to smear the colonies, plates were placed at a suitable 

temperature to allow re-growth of colonies. The filters were then placed for five minutes 

colony side up successively in puddles (approx 1ml) of the following solutions: 10% (w/v) 

SDS, Denaturation solution, neutralisation solution and 2x SSC. The filters were placed 

colony side up in all solutions to reduce the amount of DNA diffusion. Between solutions 
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the filters were placed on diy chromatography paper to remove the excess. Filters were 

diied completely for approximately 30 minutes at room temperature and to permanently 

bind the DNA baked for 2 hours at 80 '̂C sandwiched between chromatography paper. 

2.2.14 Preparation of a digoxygenin (DIG) labelled probe by PGR 

DIG labelled probes were produced by PGR using a suitable DNA template. 0.4^1 

of the final volume of a 10|il reaction was replaced with DIG-labelled dUTP (2.5mM; 

Amersham Pharmacia, Little Chalfont, UK). Replacing the DIG labelled dUTP with an 

equal amount of water made a control sample. The cycles were as for a normal PGR and 

the product of the control run on an agarose gel to reveal the obtained levels of 

amplification. 

2.2.15 Hybridisation using DIG-labelled DNA probes 

Hybridisations were carried using a combination the methods Church and Gilbert 

(1984) and the manufacturers instructions (Roche, Lewes, UK). Filters were pre-

hybridised in hybridisation buffer (7% (w/v) SDS, 2% (v/v) blocking reagent (Boehringer 

Mannheim), ImM EDTA, 0.2M sodium phosphate buffer: pH 7.2.) for 15 minutes; any 

cell debris on the filters was rubbed off with a gloved finger. The buffer was poured off 

and the filters placed in a hybridisation tube, with 10ml of hybridisation buffer containing 

5-25ng of denatured probe/ml. The probe was denatured at 94°C and quenched on ice. 

The filters were incubated over night with the probe at 65°C, and agitated. 

After incubation filters were washed with moderate stringency; three times with 

20-30ml hybridisation washing buffer (lOOmM sodium phosphate buffer, ImM EDTA, 

1% (w/v) SDS) at 65°C, followed by three washes with 2x SSC with 0.1% (w/v) SDS 

(65°C). The rest of the procedure was carried out at room temperature. The Alters were 

equilibrated with washing buffer (lOOmM maleic acid, 150mM NaCl, 0.3% (v/v) Tween 

20) for 1 minute and blocked in a clean tray with blocking solution (lOOmM maleic acid, 

150mM NaCl, 1% (w/v) blocking reagent (Roche, Lewes, UK)) for 30-60 minutes, on a 

shaker table. The blocking solution was poured off and 30ml of blocking solution 

containing anti-digoxygenin antibody (a dilution of 1:5000), was added and agitated for 30 
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minutes. The antibody solution was discaided and the filters washed twice with washing 

buffer (15 minutes per wash). The final wash was removed and the filters equilibrated in 

20mls of detection buffer (lOOmM Tris-HCl, lOOmM NaCl, pH 9.5). Filters were placed 

in colour detection stain, (1 NBT/BCIP tablet of complete stain and buffer (Roche, Lewes, 

UK) in 10ml of dHoO) without agitation for 5-20 minutes. Washing with water aiTested 

further colour development, filters were subsequently air-dried. 

2.2.16 Alkaline lysis purification of plasmid DNA from bacteria (small scale) 

As a means of screening several colonies of transformed bacteria, alkaline lysis 

plasmid mini-preps were peifonned (Sambrook aA, 1989). 5ml of L-broth with 50^g/ml 

ampilcillin (where the BlueScript or pGex vectors were used) was inoculated with one 

colony of transfoiTned bacteria and left at 37°C overnight. Bacteria were recovered at 4°C 

by centrifugation at 10000 x g, for 5-10 minutes. The supernatant was poured off and the 

tube inverted to allow the medium to drain. The bacteiial pellet was resuspended in lOO îl 

of solution I (50mM Tris/HCl, lOmM EDTA, with RNase A, approximately 100|ig/ml), 

and transferred to a clean eppendorf tube to which 200|il of solution II ( 0.2M NaOH, 1% 

(w/v) SDS) was added. Tubes were inverted several times and left at room temperature 

for 5 minutes. 150|il of cold solution III (3M potassium acetate pH 4.8) was added, the 

tubes inverted several times, and the samples left on ice for 15 minutes. The white 

precipitate was subsequently pelleted at full speed for 10 minutes in a bench top 

microcentrifuge. The supernatant was transferred to a clean eppendorf, to which 2 

volumes of 100% ethanol was added, and left at -20°C for 20 minutes. The DNA was 

recovered by centrifugation for 20 minutes (maximum speed in a bench top 

microcentrifuge). The supernatant was removed, the DNA pellet washed in 70% (v/v) 

ethanol, dried in a heating block at 50°C and resuspended in 20^1 of TE. Final DNA 

concentrations were determined by gel electr ophoresis. 

2.2.17 Alkaline lysis plasmid purification from bacteria (large scale) 

40-50ml of L-broth with the appropriate antibiotic selection was inoculated with 

one bacterial colony and left to grow overnight at 37°C. The bacteria were pelleted by 
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centrifugation at 4000rpm in a Sorval SLA600 at 4°C for 10 minutes and the supernatant 

removed. Plasmid DNA was obtained using a Nucleobond® AX caitiidge kit (AB-Gene, 

Epsom, UK) according to the manufacturer's instructions. The plasmid DNA was 

resuspended in lOOpl of TE and the DNA concentration determined by gel 

electrophoresis. 

2.2.18 DNA sequencing 

DNA sequences were detennined for both plasmid DNA and PCR products. The 

automated DNA sequencing method is based on a combination of the cycle sequencing 

method (Munay, 1989) and the dideoxy sequencing method (Sanger gf a/., 1977). 10|il 

reactions were set up per sample as follows, 4|il of BigDye terminator cycle sequencing 

kit (PE Applied Biosystems), 1.6pmol of primer, an appropriate amount of DNA as 

described by the manufacturers instruction manual, and water. The reaction cycle was as 

follows; 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes, this was 

repeated a total of 25 times. The reactions were subsequently ethanol/salt precipitated, 

and analysed in an ABI PRISM 377 DNA sequencer. The sequences were analysed 

visually using the computer program Chromas version 1.45. 

2.2.19 Electroporation of Agrobacterium 

20|nl of competent LB A 4404 cells were transformed 

according to manufacturers instructions (Gibco BRL, Cheshire, UK). Cells were thawed 

on ice and mixed with DNA to be transformed. This was placed into a pre-chilled 

electroporation cuvette and subjected to 12.5KV/cm. Immediately 1ml of L-broth was 

added and the bacteria allowed to recover at 28°C for 2-3 hours. The bacteria were spread 

on Minimal A plates with appropriate selection and grown for 48 hours at 28°C. (All 

cosmids carried the tetracycline resistance gene, thus 5p.g/ml of tetracycline was added) 
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2.2.20 Plasmid purification from Agrobacterium 

A single colony orAgm^acfenz/m was grown in 5ml of Minimal A media with 

appropriate selection (see above) until satmated. The bacteria were recovered by 

centrifugation at 10000 x g and resuspended in 100^1 of solution I, to which 50pl of 

solution I with 12mg/ml lysozyme was added mixed and left for 10 minutes at room 

temperature. To this SOOp] of solution II was added, mixed and left for 10 minutes at 

room temperature. 45pl of alkaline-phenol was added and briefly vortexed before the 

addition of 225^1 of 3M potassium acetate pH 4.8. Cell debris was pelleted in a 

microcentrifuge at full speed, the supernatant was collected in a fresh tube and mixed with 

500|jl isopropanol on ice for 10 minutes. The DNA was pelleted for 10 minutes at full 

speed in a microcentrifuge and washed with 70% (v/v) ethanol. The DNA pellet was dried 

and resuspended in 50pl TE with RNAse A (lOOpg/ml final). 

2.2.21 Tobacco and tomato lines 

All isogenic lines of the tomato gjcw/cMmrn cv 'Moneymaker' were 

obtained from J.Jones (Sainsbury Laboratory) and were originally developed by 

Tigchelaar (1984). The tomato rcr3-3 was generated by mutagenesis of Moneymaker and 

carries a homozygous knockout mutation of the tomato gene (Dixon gf aZ., 2000). 

Mcofmna cv. Petit Gerard is a derivative of M cv. Petit Havana 

obtained from J. Jones (Sainsbury Laboratory). Petit Gerard is a near isogenic line (NIL) 

of Petit Havana that has been introgressed with the N gene, which confers resistance to 

tobacco mosaic virus (TMV) (G. Bishop and J. Jones, unpublished). 

2.2.22 Maintenance of tobacco suspension cultures 

Two-week-old M suspension cultures were obtained from and 

maintained according to the Sainsbury Lab at the John Irmes Centre, Norwich. lOmls of 

culture was diluted into fresh sterile tobacco suspension media, in 250ml conical flasks 

and placed at room temperature in the dark on a shaker table. This was repeated every 14 

days. 
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2.2.23 Sterilising tomato seeds for transformation 

Seeds were bathed in 70% (v/v) ethanol for 2 minutes and washed in 10% (v/v) 

domestos® several times, the final wash (15ml per 60 seed) was left on for 3 hours. The 

domestos® was removed and the seeds washed several times in steiile water until no more 

foaming was observed, the final wash was left on over night. The water was removed and 

the seeds placed onto sterile seed germination media in scalable containers. All steps were 

carried out in a laminar flow cabinet. The seeds were placed in the cold (4°C) and dark for 

at least two weeks to synchronise germination. 

2.2.24 Feeder layer plates 

The day before tomato transformations 2mls of a 10-14 day old suspension culture 

of tobacco cells were spread over co-cultivation media plates (without selection), and 

placed in indirect light at 25°C over night. Just prior to transformations a filter paper was 

placed over the cells to complete the feeder layer. 

2.2.25 Tomato transformations A 

This protocol was modiEed from Horsch gf a/., (1985). Tomato seedlings were 

grown aseptically from seed. Cotyledons were cut on a tile and immersed in a suspension 

of After blotting they were placed bottom smface down on 

co-cultivation media plates and left for 40-48 hours, before being washed with 

regeneration media and tiansferred to regeneration media plates supplemented with 

lOOmg/1 kanamycin for selection 500mg/l augmentin to inhibit A. growth. 

This protocol was never successful and lead to the development of a second protocol 

(tomato transformations B, see below). 

2.2.26 Tomato transformations B 

This second protocol was obtained from Matthew Smoker, Sainsbury Lab, John 

Innes Centre, Norwich. Sterile seeds were removed from cold store and placed in a light 

room one week prior to transfoimation (approximately 60 seeds of 1. CfO 

7m2" were used in each transformation). Seedlings that had fully expanded cotyledons but 
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no expansion of the first tine leaves were used for the transformations. Tomato 

cotyledons were cut underwater in a steiile petri dish using a sterile scapel and forceps. 

Cotyledon tips were removed and the coteyledon cut in two. A rolling action of the scapel 

was used to reduce tissue damage. Once all seedlings had been cut, explants were 

transferred to a second petii dish of sterile water to separate them from the waste tips. 

Explants wer-e blotted on Alter paper and placed abaxial side up on feeder layer plates and 

left for 4-6 hours in indirect light at 25°C. Explants were subsequently transferred to a 

pertri dish containing a suspension of and each one individually 

submerged in the solution. The had been grown for 36-48 hours in 

minimal A media with tetracycline (l-2pg/ml) at ZS'̂ C. To remove the tetracycline 

bacteria were pelleted, the supernatant removed and resuspended in an equal volume of 

tomato regeneration media. Explants were blotted on sterile chromatography paper to 

remove excess and placed abaxial surface up on the same feeder layer 

plates for 40 hours in indirect light at 25°C. Explants were placed adaxial surface up onto 

plates of tomato regeneration media with selection and Zeatin Riboside (2mg/l). Once 

reasonable sized shoots had developed they were cut from the explant and placed in 

rooting media. Once roots had developed the plants were transferred to soil. Agar was 

washed from the roots under a running tap, the plants placed in soil (Levingtons F2) and 

into a propagator to maintain a relatively high humidity. The humidity levels were 

gr adually reduced before the plants could be placed in the glasshouse. 

2.2.27 Tobacco transformation 

The plasmids pRP005 and pRP006 were mobilized in tobacco by a modified 

method of Horsch aZ. (1985). Fully expanded (not senescent) tobacco leaves were 

harvested and placed in an autoclaved glass dish and covered with 10% (v/v) Domestos 

with a piece of blue roll on top to ensure every leaf surface is in contact with the solution. 

Leaves were left for approximately an hour or until the blue roll was bleached and 

washed with sterile water. Approximately 1cm" explants were cut (avoiding major 

vascular tissue) on a sterile tile with sterile forceps and blades. Explants were placed in a 

suspension of was treated as for tomato transformations), 

blotted and placed on tobacco regeneration media supplemented with O.lmg/1 NAA and 

l.Omg/1 BAP without selection for 48 hours. To remove from their 

surface, explants were washed in tobacco regeneration media, blotted and placed on 
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regeneration media plates with selection. Once shoots were formed they were teased from 

the callus and placed on regeneration media without hormones with selection in 

autoclaved jars. Once roots were formed the putative tobacco transformants were treated 

as tomatoes (see above) and planted in soil. 

2.2.28 Isolation of genomic DNA from Plant material (manual method) 

1 to 2 cm" of young leaf tissue was harvested and placed in an eppendorf with a 

small amount of ground glass and 500^1 of nuclear extiaction buffer, and ground with a 

small plastic pestle (values in brackets represent large scale prepaiations where, Ig 

samples were ground with a pestle and mortar under liquid nitrogen and added to 5ml of 

nuclear extraction buffer). To this 100|il (1ml) of 5% (w/v) sarkosyl was added and the 

tubes inverted several times and incubated at 65^C for at least 20 minutes. 500|il (5ml) 

Phenol/chloroform (1:1) was added and the sample thoroughly mixed by inversion. The 

phases were then separated by centnfugation at maximum speed in a microcentiifuge 

(3000rpm in a centaur 1 bench top centrifuge) for 2 minutes. The upper phase was 

caiefuUy removed without distmbing the interface the rest was discarded. To the upper 

phase (approximately 500|il (5ml)) 300^1 (3ml) of isopropanol was added. To aid the 

precipitation of the DNA this was mixed gently by inversion so the DNA was not sheared. 

The genomic DNA was recovered by centrifugation at full speed in a microcentrifuge 

(3000rpm in a Centaur 1 bench top centrifuge) for 2 minutes, the supernatant removed and 

the DNA pellet washed with 70% (v/v) ethanol. The pellet was dried at room temperatme 

and resuspended in an appropriate volume of TE. Values in brackets represent a scaled up 

protocol. 

2.2.29 Isolation of genomic DNA from Plant material (Kit method) 

Up to lOOmg of fresh plant material was harvested and ground under liquid 

nitiogen, DNA was subsequently puriAed using either the Qia DNeasy kit (Qiagen, 

Crawley, UK) or the Nucleon® phytopure plant DNA extraction kit (Novagen, supplied 

by Merk Biosciences, Nottingham, UK) according to the manufacturers instructions. 
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2.2.30 Immobilisation of DNA 

In a large volume, 6|ig of lobacco or 5-6|ig of tomato genomic DNA was restiicted 

with an appropriate restiiction enzyme over night at 37°C. The digested DNA was 

concentrated by ethanol salt precipitation and resuspended in a smaller volume of Ix 

orange G loading dye (25|nl). Samples were then loaded onto a 0.7% (w/v) agarose gel 

and run at 2-3V/cm overnight, until adequate separation had been achieved as visualised 

by ethidium bromide staining. 

The gel was etched by bathing in 0.25M HCl for 15-20 minutes. The DNA was 

subsequently denatured in denatmation buffer, for 30 minutes, excess alkali was removed 

by washing with distilled water and neutralised in neutralisation buffer for at least 30 

minutes. The DNA was transfened to a Hydond N membrane (Amersham Pharmacia, 

Little Chalfont, UK), which had been soaked in 6x SSC for a few minutes, by the 

technique of Southern blotting (Southern, 1975). The transfer buffer used was 6x SSC 

and the blot was allowed to transfer overnight. The DNA was permanently fixed to the 

membrane using UV cross linking or baking. The membrane was wrapped in Saran wrap, 

placed DNA side down on a UV transilluminator for 1.5 minutes and dried at room 

temperature between two pieces of 3MM paper, or blots were sandwiched in 3MM paper 

and baked at 80°C for 2 hours. 

2.2.31 Production of a labelled DNA probe 

The gene fragment used for Southern analysis was amplified by PGR. 

Amplification of the correct product was tested by agarose gel electrophoresis, the probe 

was then excised from the gel and purified using a Machery-Nagel Nucleospin® kit (AB-

Gene, Epsom, UK). 

The probes was labelled according to manufacturers instructions (Amersham 

Pharmacia, Little Chalfont, UK). Approximately 20-25ng of Probe DNA was added to 

TE buffer pH 8.0 to a final volume of 50^1. The DNA was denatured at 100°C for 5 

minutes then immediately cooled on ice. Probe DNA was transferred to a rediprime tube 

(Amersham Pharmacia, Little Chalfont, UK) with 5|il (1.85MBq) ^"P dCTP (Amersham 
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Phaimacia, Little Chalfont, UK) and incubated for 10 minutes at 37°C. The reaction was 

stopped with the addition of 5|ii 0.2M EDTA. 

2.2.32 Hybridisation of DNA probes 

Membranes were pre-hybridised in Church and Gilbert buffer (0.3M sodium 

phosphate buffer pH7.5, 1% (w/v) BSA, 7% (w/v) SDS) for at least 30 minutes at 65°C 

(Church and Gilbert, 1984). This was replaced with fresh Church and Gilbert buffer 

containing the denatured radioactive probe. Membranes were hybridised overnight at 

65°C. 

Membranes were washed twice with sodium phosphate wash buffer (lOOmM 

sodium phosphate buffer pH7.5,1% (w/v) SDS) and several washes of 0.1% (w/v) SDS in 

2x SSC, until no more radioactivity was washed from the blots. Each wash was carried 

out at 65°C for 15 minutes. Membranes were wrapped in saran wrap and subsequently 

autoradiogiaphed with intensifying screens at -80°C using Kodak film. 

2.2.33 Testing segregation of the transgene 

Tobacco plants that tested positive for the transgene by Southern, northern or RT-

PCR were allowed to flower. The seed pods containing F1 self-seed were collected, one 

pod was sterilised by wiping the surface with 70% (v/v) ethanol. A hole was cut into the 

pod with a sterile scalpel and the seed sprinkled over MS media plates with 300|Lig/ml 

kanamycin. The seeds were placed in a light room at 25°C, after germination the 

seedlings were left to grow. Each parental plant was scored by the ratio of bleached to 

unbleached seedlings (bleaching was caused by the absence of the kanamycin resistance 

gene that is linked to the tiansgene and hence indicated the absence of that transgene.). 

Putative tomato transformants were tested by sterilisation of the seed collected 

from selfed plants. The seed were spread over germination media supplemented with 

lOO îg/ml kanamycin and left for 2-3 weeks. Plants lacking the transgene were scored by 

eye and appeared stunted in growth and purple in colour. Confirmation of plants positive 

for the transgene was achieved by PCR to amplify the NPT gene for Kanamycin resitance. 
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2.2.34 RNA extraction 

Total RNA was extracted from samples using a Qia RNeasy plant RNA kit 

according to manufacturers instructions (Qiagen, Crawley, UK). Samples of young leaf 

tissue (lOOmg) were ground undei' liquid nitrogen in an eppendorf, with a small pestle. To 

this, kit buffer was added, the ground material was homogenised in a kit Qia shredder 

column before being tiansfeiTed to the extraction column. Total RNA was eluted from the 

column with 3U-50^il of RNAse free water and stored at -80°C. RNA was quantified on 

0.7% (w/v) agarose gels by comparison with known molecular weight markers. 

2.2.35 Reverse transcription PGR (RT-PCR) 

RT-PCR was performed according to manufacturers instructions (Gibco BRL, 

Cheshire, UK). 5|Lig of total RNA was diluted in lOjil of water and denatured at 72°C for 

5 minutes then quenched on ice. To each tube 4^1 of 5x buffer (Gibco BRL, Cheshire, 

UK), 2^1 O.IM DTT, 2^1 5mM dNTPs, 5U (1^1) RNase inhibitor and 1^1 500ng/^l oligo-

dT was added. The mixture was heated to 37°C for two minutes before the addition of 

0.5|il of the RT enzyme superscript (Gibco BRL, Cheshire, UK). The reaction was carried 

out at 37°C for one hour, the enzyme was denatured at 75°C for 10 minutes and the cDNA 

products stored at -20°C. 

The cDNA was cleaned using a Machery-Nagel Nucleospin® kit (AB-Gene, 

Epsom, UK) according to manufacturers instructions. The cDNA was eluted in 40|il of 

water, 5-8|Ltl of which was used in a 20|il PCR. The products wem then separated on a 1% 

(w/v) agarose gel and analysed by comparison with size standards. 

2.2.36 Northern analysis 

Samples of 10|ig of total RNA were diluted with 1.625 volumes of sample buffer 

(1ml formamide, SOÔ il formaldehyde, 250^il lOx MEN, 0.025% (w/v) orange G) and 

separated on a 1.5% (w/v) denaturing agarose gel (Ix MEN, 16.5% (v/v) formaldehyde). 

The gel was run at ^v/cm for 2 hours (until adequate separation had been achieved) in lOx 

MEN running buffer. All samples were denatured at 65°C for 5 minutes piior to loading. 
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Alter sepaiation RNA was tiansferred to Hyhond-N membrane (Amersham 

Phannacia, Little Chalfont, UK) by the technique of northern blotting. 

Membranes were hybridised, washed and developed according to the same 

protocol as Southern analysis and with the same probe. 

2.2.37 Stripping blots 

Blots were stripped by washing twice with water for 15-30 minutes each wash at 

Blots were then air dried between 3^ 

hybridisation buffer ready to be re-probed. 

80°C. Blots were then air dried between 3MM paper or placed straight into pre-

2.2.38 Microsomal membrane preparations 

Micorsomal membranes were prepared according to the modified version of 

Piedras a/. (1998). 20-30g of leaves were homogenised in 4ml/g of tissue of lysis 

buffer (25mM Tiis-HCl pH7.5, 0.5M sucrose, 3mM EDTA, 0.5mM AEBSF, 1 tablet/50ml 

of complete protease inhibitor cocktail, Roche, Lewes, UK) using a food liquidiser. 

Samples were pulsed at maximum speed 2-4 times for 10 seconds. The homogenate was 

filtered through four layers of Miracloth (Calbiochem, San Diego, USA) to remove large 

pieces of cell debris. The flow through centiifuged at 7000 x g for 10 minutes to pellet 

smaller fragments of cell debris, cell nuclei and mitochondria. This cell debris pellet was 

resuspended in protein gel loading buffer (62.5mM Tiis-HCl pH 6.8, 2% (w/v) SDS, 10% 

(v/v) glycerol, 5% (v/v) 2-mercaptoethanol/2mM DTT, 0.001% (w/v) bromophenol blue). 

The supernatant containing the microsomal membranes was recovered and centrifuged at 

100,000 X g for 1 hr. The pelleted microsomal fraction was resuspended in a small 

volume of microsome resuspension buffer (5mM potassium phosphate buffer pH7.8, 

0.33M sucrose, 3mM KCl, l-2mM DTT, ImM AEBSF). Membranes were cmdely 

resuspended by piprtting and homogenised in a 1ml glass homgeniser (Fischer). All steps 

were carried out at 1-4°C. 
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2.2.39 Tobacco plasma membrane enrichment by aqeous two-phase 

partitioning 

Plasma membranes were purified using the modiRed method of Yoshida a/. 

(1983). Two days prior to phase partitioning a stock of 20% (w/v) Dextian T500 was 

prepared (84.25g water, 22g Dextran T500) this was dissolved overnight by stining 

gently. One day prior to phase partitioning a 4U% (w/v) stock of PEG 3350 is made along 

with a bulk phase system, final composition 6.4% (w/w) dextran T500, 6.4% (w/w) PEG 

3350, 330mM sucrose, 3mM KCl, 5mM potassium phosphate buffer pH 7.8. The bulk 

phase was mixed and placed in a separating flask and allowed to sepaiate overnight at 1°C. 

A 32g phase was also set up with the same final composition as the bulk phase; it was 

made up to only 28 g to allow for the addition of the microsomal membranes, this tube was 

labelled Ui. Upper and lower phases were separated by running off the lower phase, care 

was taken not to disturb the interface. Microsomal membranes were prepared from lOOg 

of tissue (as above) and resuspended in 1.6mls of, 5mM potassium phosphate buffer 

pH7.8, 0.33M sucrose, 3mM KCl, l-2mM DTT (add fresh), ImM AEBSF (add fresh). 

Microsomes were added to the phase system in the tube labelled Ui and made up to 32g 

with water and mixed by inversion 20-30 times. Phases were separated by centrifugation 

at 2000 X G for 10 minutes in a swing out rotor. Upper and lower phases were 

repartitioned with fresh lower and upper phases respectively to produce U2 and Li (i.e. the 

two phases were separated and fresh upper phase was added to the lower phase, and the 

upper phase added to fresh lower phase). U3 and L3 were produced by repition of the 

repartitioning. It was extrememly important to maintain the total phase weight at 32g (to 

3dp) to ensure adequate separation. U3 and L3 were diluted 10 fold in 5mM potassium 

phosphate buffer pH7.8, 330mM sucrose, 3mM KCl, ImM AEBSF and membranes 

pelleted at 100,000 x g for 1 hour. Membranes were resuspended in a small volume (as 

for microsomes). 

2.2.40 Protein quantification by Bradfords assay 

Protein extractions (microsomal or fractionated membranes) were quantified as 

described by Bradford (1976). Standards of O-lO^g BSA were made in lO^il of buffer 

(same buffer as samples to be quantified). These were placed in a 96 well plate along with 

10|il of each sample (diluted appropriately) to be quantified. 100|il of coomassie solution 
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(0.01% (w/v) Coomassie Brilliant blue G-250, 4.7% (v/v) ethanol, 8.5% (w/v) phosphoric 

acid and water up to 11) was added to each well in quick succession and read immediately 

on a plate reader for absorbtion at 540nm. A standard curve was drawn using the BSA 

controls and sample concentrations derived using the curve. 

2.2.41 Glycosidase treatment of proteins 

Up to 2mg of protein was denatured in Ix Denaturing buffer (New England 

BioLabs, Hitchin, UK, according to manufacturers instructions) at 100°C for 10 minutes. 

1/10 volume lOx G5 buffer (Endo Hf) or 1/10 volume lOx G7 buffer and 10% NP-40 

(PNGase F) was added. Carbohydrates were removed by the addition of 5^1 of enzyme 

(New England BioLabs, Hitchin, UK) to the protein buffer mix incubated at 37°C. 

2.2.42 SDS-polyacrylamide gel electrophoresis 

Protein preparations were sepaiated by SDS polyacrylamide gel electrorophoresis 

(Laemmli, 1970). This was performed using a Mini-Protean n apparatus (Bio-Rad, UK), 

producing a 0.75mm or 1mm thick gel. The gel comprised a 5cm deep resolving gel (final 

composition: 12.5% (w/v) or 7.5% (w/v) acrylamide (30% pre-mix acrylogel monomer, 

Bio-Rad), 0.001% (w/v) SDS, 0.375M Tris-HCl pH8.8, 0.001% (v/v) TEMED, 0.0005% 

(w/v) APS), and a 2cm deep stacking gel (4.5% (w/v) acrylamide (30% pre-mix acrylogel 

monomer, Bio-Rad, Hemel Hempstead, UK) 0.001% (w/v) SDS, 0.125M Tris-HCl pH6.8, 

0.001% (v/v) TEMED, 0.0005% (w/v) APS ). An aliquot of each sample was injected 

into each well alongside molecular weight markers. The samples were run in electrode 

buffer (25mM Tris, 3.5mM SDS and 0.2M glycine) at a constant of lOOV for 2-3 hours at 

room temperature or at 200V for 1 hour at 4°C. 

2.2.43 Immunoblotting procedure (western blot) 

After separation by SDS-PAGE proteins were electrotransferred to a membrane 

(hybond P, Amersham Pharmacia, Little Chalfont, UK) using a Bio-Rad mini transblot 

apparatus, according to the manufacturer's instructions (Bio-Rad, Hemel Hemstead, UK). 

The membrane was wetted in methanol for 10 seconds, followed by distilled water for 5 

minutes. Membranes, filter papers and gels were soaked in cold tiansfer buffer (20% (v/v) 
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methanol, 20mM Tris and 0.15M glycine) for 30 mins at 4°C prior to blotting. Gels were 

blotted for 1 to 2 hours at 90V at 4°C. Staining the membrane with Ponceau S assessed 

blotting efficiency and gel loading levels. To remove methanol, the membrane was 

washed in Tns-Buffered saline (TBS) (50mM Tris. 0.15M NaCl, pH 7.5). 

2.2.44 Immunodetection by chemiluminescence 

Detection of proteins after separation and blotting desciibed above was performed 

using Roche chemiluminescence western blotting kit according to manufacturers 

instructions (Roche, Lewes, UK). This kit uses the substrate luminol and peroxidase-

labelled secondary antibodies. 

To prevent non-specific protein binding membranes were incubated in a 1% (v/v) 

solution of kit blocking reagent diluted in TBS, for Ihr at room temperature. After 

washing in TBS, membranes were incubated for Ihr at room temperature in a suitable 

dilution of antibody in 0.5% (v/v) kit blocking reagent. 

Non-bound and non-specifically bound primary antibody was removed with 2x 10 

minute washes in TBST (TBS with 0.1% (v/v) polyethylenesorbitan / Tween 20). The 

membranes were further blocked with 2x 10 min washes in 0.5% (v/v) blocking reagent 

before incubation with 40mU/ml of kit horseradish peroxidase conjugated secondary 

antibody for 30 minutes at room temperature. Excess antibody was removed with 4x 15 

min TBST washes. Probed membranes were then covered in 10 ml of detection solution 

for one minute. Excess solution was drained and the membrane placed between two 

acetate sheets. This was placed in a film cassette with a sheet of Kodak film adjacent to 

the protein side of the membrane. An initial exposure of 5 - 60 seconds was used, 

followed by exposures of up to 2 hours. Films were developed immediately. All 

detection and subsequent exposure was peiformed using a safe red light. 

2.2.45 Quantification of signal (desitometry readings) 

To quantify signal intensities of western blots, the blots were scanned using an 

AlphaimagerT'̂ f 1200 and density reading taken using the PC package AlphaEaseT '̂̂  

(Alpha Innotech, supplied by GRI, Braintree, UK). Spot areas were highlighted and all 
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linked to a region of background. The AlphaEase™ software produced and output spot 

densities, taking into account background signal intensities. Density readings were 

subsequently tianspoited into an Excel spreadsheet. Here relative densities were 

calculated taking the control asl (i.e. all values were divided by the control density). 

2.2.46 Drying of polyacrylamide gels 

Gels were lixed in de-stain solution (10% (v/v) acetic acid, 30% (v/v) methanol) 

for 30 minutes at room temperature. The gels were placed on a piece of 3mm paper, 

covered with clingfilm and placed in a vacuum gel dryer for 60 minutes. 

2.2.47 Cytochrome c oxidase assay 

Cytochrome C enzyme activity was determined as described by Schaller 

and De Witt (1995). In a 1ml cuvette, 10p,g of total protein was made up to 33^1 (with 

microsome suspension buffer) to which, 33^il of 0.3% (w/v) digitonin was added, mixed 

well and left for 30 seconds. 901^il of 50mM phosphate buffer pH 7.5 was added and the 

cuvette placed into the spectophotometer to calibrate the base line. The reaction was 

started by the addition of 33|il of 0.6mM cytochrome c and the reaction recored by the 

spectophotometer. The reaction was carried out at room temperature and the absorbance 

was read at 55nM with the plotter set at Km min'\ The rate of reaction was determined 

by using the initial linear rates and the extinction coefAcient for cytochrome c of 18.5 mM' 

' cm"'. 

2.2.48 /n wfro Transcription 

The Promega (Southampton, UK) Ribomax SP6 transcription system was used to 

perform m Wfro transcription and performed ccording to manufacturers instructions. 

Linearised DNA (up to 10p,g) was initially processed using the Pi omega (Southampton, 

UK) Wizard PGR purification kit to remove all enzymes and any impurities. The 

reactions were supplemented with a 5' cap analogue: m^G(5')ppp(5')G (New England 

Biolabs, Hitchin, UK). Reactions were caiTied out in alloquots of 50|il (up to 10p,g of 

linear template, 5fil SP6 RNA polymerase, 0.57mM GTP, 4mM ATP, 4mM CTP, 4mM 

UTP 3mM cap analogue and water up to 50^il). Reactions were incubated for 4 hours at 
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37°C. The RNA was subsequently puriOed using Qia RNeasy purification kit (Qiagen, 

Crawley, UK), eluted with 50^il of RNase free water and stored at -80°C. 

2.2.49 In vitro Translation 

The Promega (Southampton, UK) Nuclease treated rabbit reticulocyte lysate 

system was employed to perform m v/rro translation and perfomed according to 

manufacturers instructions. lOfil reactions (Ijil purified mRNA from m v/fro 

transcription, 5|il rabbit reticulocyte lysate, l|il amino acid mix minus methionine, 0.5 îl 

(7.5|iCi) L-[35S] methionine, 0.5^1 RNasin (RNase inhibitor, Promega, Southampton, 

UK), lp.1 water. Before addition to the reaction mixture the RNA was denatured, by 

heating to 65°C for 5 minutes, to disrupt any secondary structure. Reactions were carried 

out at 30°C for 90 minutes and were stopped by placing on ice. 

The peptides produced were separated by SDS-PAGE, the gel dried and exposed to 

X-ray film (Kodak). 

2.2.50 Tomato seed processing 

To obtain seeds, ripe fruit was collected, cut open and the seeds squeezed out. To 

remove flesh, seeds were placed in 5% (v/v) HCl for 20-45 minutes. To remove all HCl 

seeds were washed with water in a sieve, blotted and air-dried. 

2.2.51 Culturing of Cladosporium fulvum 

Cultures of various races of C. were kept at room temperature on plates of 

^ PDA media. Spores were suspended in steiile water and spread over the new plate with 

a sterile glass spreader. 

2.2.52Inoculating tomato plants with C. fu/wm 

Water was added to the surface of two plates of fungus, spores were released by 

rubbing over the plate with a gloved finger and transferred to a beaker. This was repeated 

several times on each plate to remove a m^ority of the fungal spores. The spore 
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suspension was made up to a suitable volume using stenle water (to approximately 10̂  

spores/ml). Each plant was in turn inverted and completely immersed in the spore 

suspension. The relative humidity was kept above 80% in a humidity tent to increase 

infection efficiency. This was best carried out in the glasshouse in spring and autumn 

(high temperatures and low light levels resulting in poor or failed infections). To prevent 

plants in the humidity tent growing too tall the gibberellin biosynthesis inhibitor, 

paclobutrazol, wâ ; added as a soil drench: 50p.l of the stock solution, lOOmM 

paclobuti azol in methanol, was diluted in 500ml of water (lO'^M Hnal) and 40ml of this 

was added to each 8cm pot. The plants were left for 10-15 days before being scored by 

eye for infection. Appropriate contiols were treated in the same manner. A CfO plant was 

used as a positive contiol for infection, and various plants canying appropriate Cy genes 

were also inoculated as negative controls. 

2.2.53 Scoring of resistance 

After 10-15 days plants were scored for fungal growth by eye, looking for a white 

downy growth on the underside of infected leaves. 

Where race was used, 1 or 2 inoculated leaves were harvested and assayed 

qualitatively or quantitatively or both for GUS activity. 

2.2.54 Qualitative analysis of GUS activity (GUS assay) 

C. race 4G[/6' is a race of C. yw/vwm expresses the wzcfA reporter gene 

(Oliver gf a/., 1993). The transgene is a histochemical marker of GUS expression in 

cells. X-gluc is a substrate for P-D-Glucuronidase (GUS) encoded by the transgene. 

Cleavage of X-gluc results in the formation of a water insoluble blue dye dichloro-

dibromo-indigo precipitate, which forms at the site of enzymatic cleavage. This indigo 

dye can then be used to indicate the presence of the fungus qualitatively 

Staining of the samples was performed using a modified protocol from Oliver et 

al., (1993). Samples were vacuum infiltrated with X-Gluc stain (ImM EDTA, 0.5mg/ml 

X-gluc in DMF, 50mM phosphate buffer pH 7.0, 0.05% (v/v) Tiiton X-100), which acts as 
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the substiate for the GUS gene to produce a blue product. Leaves were subsequently 

placed in 70% (v/v) ethanol for 2 days to remove chlorophyll (several changes of ethanol 

were used), thus facilitating visualisation of the blue stain. Images of the leaves were 

made using either an Alpha Imager™ 1220 (Alpha innotech, supplied by GRI, Braintree, 

UK) or by scanning leaves. 

2.2.55 Quantitative assay of GUS activity (MUG assay) 

For quantitative assessment of the level of fungal infection, the GUS substrate 4-

MUG (4-methylumbelliferyl-P-D-glucuronide) is used. Cleavage of 4-MUG by GUS 

activity results in the generation of the fluorogenic product 4-MU (7-hydroxy-4-

methylcoumarin). The 4-MU can be detected or visualised by in adiation with UV light. 

A fluorimeter was used to quantify GUS activity with 4-MU at a peak excitation of 365 

nm (UV) and peak emission of 455 nm (blue). 

Samples were prepared according to Oliver et al., (1993). Samples were ground in 

0.5ml of GUS assay buffer (50mM sodium phosphate buffer pH 7.0, 5mM DTT, ImM 

EDTA), snap frozen in liquid nitrogen and stored at -80°C. 1.44ml aliquots of stop 

solution (0.4M Na^CO]) was placed into an appropriate number of Fluorometric cuvettes. 

Standards were prepared, a blank consisted of 1.44ml of stop solution with ISO îl GUS 

assay buffer, a 500pmole control was prepared as the blank with the addition of 

500pmoles of 4-MU. Reaction tubes (SOOul GUS assay buffer, 1.25mM MUG) were 

placed in a heating block set at 37°C. Samples were thawed, vortexed and debris pelleted 

by centrifugation at 13000 x g in a bench top centiifuge for 3 minutes. 200|j,l of the 

supernatant was added to the reaction tube, from which ISO îl was removed immediately 

and placed in stop solution for a time zero reading. This was repeated every 30 seconds 

on subsequent samples. It was sometimes necessary to dilute the sample in 200p.l GUS 

assay buffer prior to addition to the reaction tube. A second 180^1 sample was removed 

from the reaction tubes at a suitable time determined by a pilot assay (usually between t = 

5mins and t = 20 mins). Standards were used to calibrate a fluormeter (TD-360, supplied 

by GRI, Braintree, UK) and samples were read. Protein concentrations of the samples 

were calculated by a Bradfords assay and activity was calculated in the units, pmoles 4-

MU/min/^g protein. 
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2.2.56 Preparation of intercellular fluid (IF) 

For IF containing fungal elicitors susceptible plants were inoculated with C. 

Once a high level of infection had been obtained all infected leaves were 

harvested. To obtain the IF, leaves were vacuum infiltrated with water, the excess water 

removed, rolled up and placed in to a 50m] syringe with the tip cut off. The syringe 

cylinder was placed in a falcon tube and then centrifuged at approximately 5000 x g for 5 

minutes, or until the IF had collected in the falcon tube. The IF was stored at -80°C until 

used. 

2.2.57 Infiltration of plant leaves 

A 1ml syringe was filled with the fluid to be infiltrated into the leaf and any air 

bubble pushed out. The syringe end was placed on the bottom suiface of the leave 

between main veins. A moderate amount of pressure was applied to the other side of the 

leaf and the fluid pushed into the leaf. The amount of pressure used was enough to 

prevent the fluid running over the leaf surface but not enough to push the syringe into the 

leaf tissue, damaging it. 
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Chapter Three 

3 Engineering epitope-tagged versions of Cf-2 

The Cy genes aie predicted to encode extiacytoplasmic, membrane anchored 

leucine rich repeat (LRR) glycoproteins (Dixon cr o/., 1996; Dixon gf a/., 1998; Jones ef 

oA, 1994; Thomas cf o/., 1997). They are found in two complex loci and comprise 

tandemly repeated homologous genes called Her (homologues of ^ resistance) genes 

(Thomas a/., 1998). 

The major aim of this project was to determine the subcellular localisation of Cf-2; 

several methods could have been employed to achieve this. The first, involves raising 

antibodies directly against Cf-2. The antibodies could then be used for either microscopy, 

e.g. using gold-coupled antibodies and electron microscopy, or for immunocytochemistry. 

Oshima gf a/. (2001) used antibodies raised against plant aquaporins to quantify the 

aquaporin content of plasma membranes and tonoplast of 

One major problem with this approach is cross-reactivity of the antibodies; indeed the 

antibodies of Oshima a/. (2001) react with most aquaporin isoforms. Due to the 

presence of many Cf-2 homologues and the number of potential glycosylation sites, it 

would be almost impossible to produce a specific antibody. 

A second possible approach involves the production of a fusion protein. 

Conventional fusion proteins involve the addition of a large protein such as green 

fluorescent protein (GPP), ^-galalctosidase, alkaline phosphotase, glutathione S-

transferase and protein A. The choice of fusion protein depends upon the questions to be 

answered. The fusion protein glutathione S-transferase can be used for the purification 

and immobilisation of proteins, useful for 'fishing' for interacting proteins. Hu gr <7/. 

(2004) engineered a protein, where a portion of the Hepatitis B virus (HBV) large surface 

protein was fused in duplicate to GST. Antibodies against this poition of the protein 

possess both vims-neutralising activity and a protective effect. The fusion protein was 

subsequently expressed in E m// and purified by affinity chromatography. The puriGed 
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fusion protein was used to detect the presence of the neutialising antibody in HB patients 

with satisfactory results. 

A GFP fusion protein would be expressed in transgenic organisms/cells and using 

microscopy (and the fluorescent properties of GFP) it would be possible to visualise where 

in die cell the protein is taigeted. This was the approach used by Kircher (?/. (2002), 

who demonstrated light regulated nuclear taigeting of the phytochromes A-E in 

A GFP fusion protein could not, however, be used for analysis of the 

glycosylation status of the protein. It is also possible that due to the size of these marker 

proteins that they may affect the biological properties of the target proteins. 

The third approach, which was employed for this project, combines the two above 

methods. Firstly, a special kind of fusion protein was engineered; this involved inserting 

the sequence of an epitope-tag into (^-2. Thus when expressed m p/onfa, the Cf-2 protein 

caiTied an antigenic region. Epitope tagging was first described by Monro and Pelham 

(1984) in Drosphila and has some ma.jor advantages over the other approaches. Firstly, 

specific antibodies, both polyclonal and monoclonal, are commercially available to many-

epitope-tags. This negates the need to characterise the antibodies and conditions for their 

use. In addition, as epitope-tags are small (generally 6-30 amino acids) and with careful 

selection of their insertion sites, they often do not affect the biological activity of the 

tagged protein (Jarvik and Telmer, 1998). Finally, epitope-tagging with 

immunocytochemistiy provides an extremely sensitive method for detection of proteins, as 

multiple copies of the epitope-tag can be inserterted in tandem (Jarvik and Telmer, 1998). 

There are many epitope-tags available, for example; c-Myc, a portion of the human 

c-Myc gene product; HA, the human influenza virus haemagglutenin, HAl; His6, a 

recombinant histadine-tagged fusion protein and T7 the leader peptide of phage T7 major 

caspid protein (Jarvik and Telmer, 1998). The choice of the epitope-tag depends upon the 

position and protein to be epitope-tagged and the purpose of the tagging. For example, the 

HA epitope is better detected when placed at the N-terminus of a protein (Rockland inc., 

PA, USA, anti HA antibody technical data). The His6 epitope-tag can, not only be used as 

a typical epitope-tag, but can also be used for the affinity purification of proteins from cell 

lysates. Due to the lack of anti His-6 antibodies with high specificity and low cross-

reactivity, it is often used in conjunction with an additional epitope-tag (Jarvik and 
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Telmer, 1998). Kruger gf o/. (2002) employed a double epitope-tag approach. They 

tagged the tomato Rcr3 protein with botli the His6 and HA tags. The HA tag was used for 

immuno-localization of the protein and the His6 tag for purification of it. 

For this project it was decided to use the c-Myc epitope-tag tandemly repeated 3 

times (3x (triple) c-Myc). Myc proteins function in cell proliferation, differentiation and 

neoplastic disease. Anomolous function of the c-Myc gene has been implicated in many 

human tumours including lung, breast and colon carcinomas. This epitope-tag was chosen 

as it had been employed in the same system to study the localisation of Cf-9 by Piedras 

a/. (2000). In addition, it was available free of charge. 

The acidic, basic and putative transmembrane domains of the Cf proteins aie 

proposed to serve solely as a membrane anchor. Piedras a/. (2000) produced two 3x c-

Myc epitope-tagged versions of Cf-9 with the epitope inserted into either the N-terminal 

portion of the protein or in the predicted cytoplasmic tail. If the regions into which the 

epitope-tags were placed were important in recognition or signalling, a loss of function 

would be expected. Both versions were fimctional in tobacco, giving support to the idea 

that the very C-terminus serves no function other than as a membrane anchor. For this 

reason it was decided to insert the epitope-tag into the very C-terminus of Cf-2 between 

the ultimate and penultimate amino acids. Due to the relatively low expression levels of 

0^2 (Dixon, unpublished), two constructs were built, the first using the native promoter 

and the second using the stronger CMV (cauliflower mosaic virus) 35 S promoter. 

3 . 2 R e s u / f s 

It was decided to use the 3x c-Myc epitope-tag and insert it into the 

putative cytoplasmic tail of Cf-2, as this strategy was successful for Cf-9 (Piedras gf oA, 

2000). In addition, insertion of an epitope-tag into the putative membrane anchor was 

predicted not to affect function. Due to the absence of any convenient restriction enzyme 

sites, one was introduced by site directed PCR mutagenesis. The first step taken to 

introduce the epitope-tag was to clone the portion of the gene encoding the C-terminus of 

the protein. A 1.2 kb EcoRI to BomHI fragment which starts from within LRR 37 and 

encompasses the regions encoding the transmembrane region, the membrane anchor and 

the stop codon of the gene was chosen (Figure 3.1). This relatively small fragment was 
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chosen, as smaller fragments aie easier to clone. Also subsequent steps would involve 

PCR, using a smaller fragment reduced the risk of spontaneous mutations caused by this 

process. 

Site directed mutagenesis was used to create an Aafll site at the very C- terminus 

of the cytoplasmic tail, into which the 3x (triple) c-Myc epitope was inserted. The 

penultimate codon of ( ^ 2 (TTC) encodes phenylalanine, which through PCR mutagenisis 

was changed to GTC, which corresponds to part of the restriction site and encodes 

valine. This change in amino acid being confined to the putative membrane anchor was 

predicted to have little or no effect on function of the transgene. 

An internal region of the c-Myc gene was used, in triplicate, as the epitope-tag due 

to the availability of anti c-Myc antibodies. An Aafll restriction site was chosen, as it was 

absent from the cloned portion of Cy-2 and the vector used for subcloning. The dark 

Bluesciipt n (pdBSn) vector was used when cloning the C-terminal portion of Cy^2. The 

dark pBS was obtained from the John Innes Centie. It was discovered accidentally when 

an unsuccessful attempt to fill the resulted in the in frame insertion of an extra amino 

acid in the polylinker site. The resulting plasmids expressed in bacteria produce colonies 

that are a darker blue than colonies expressing the normal pBS when induced by IPTG in 

the presence of the substrate X-Gal. The production of a more intense colour made 

negative colonies easier to differentiate from transformed colonies. Due to technical 

difGculties several strategies were employed. 
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Figure 3.1: A schematic of the cosmid min Cf2.1 (Dixon et al., 1996), 

The Cf2.1 gene (not to scale) (A) was engineered into the cloning vector pSLJ 7291 (B) <http://www.jic.bbsrc.ac.uk/sainsbury-lab/jonathan-
jones/plasniidlist/s3d_plas.htm> (Dixon et al., 1996). A) The large arrow indicates the mRNA transcript with a gap indicating an intron. The shaded areas indicate 
untranslated regions and the inshaded area indicates the open reading frame (ORF). The position of the 5Kb S a d clone is shown. Primer annealing sites and 
names are represented by blue arrows and text. The Clal restriction site (shown in green) was introduced into the constructs described below, at the start of the 
ORF to aid cloning and is not found in min Cf2.1. B) HIIIK signifles a Hindlll site filled in with Klenow polymerase and dNTPs; RIK indicates and £ c o R l site 
similarly treated; LB signifies T-DNA left border repeat sequence; RB signifies the right border repeat; nos indicates the nopaline synthase promoter; ocs 3' 
indicates octopine synthase 3' end; NPT indicates neomycin phosphotransferase; Gene transcriptional orientations are indicated by an arrow. All SLJ plasmids, 
including pSLJ 7291 are derived from the broad-host-range vector pRK290 (Friedman et al., 1982). 
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Initially tlie 5kb 6'acl clone (Figure 3.1) was restricted with and BamHI 

simultaneously in Multicore buffer (Promega, Southampton, UK). Restriction fragments 

were separated on a 0.7% (w/v) agarose/TAE gel and the fragment approximately 1.2kb in 

size was pmiAed from the gel using a Machery-Nagel Nucleospin® kit (AB-gene, Epsom, 

UK). This fragment was subsequently ligated into the pdBSII vector and used to 

tiansform E. co// strain DH5a. Plasmid DNA was purfied from 12 putative positive 

colonies, those positive by size compaiison with an empty vector were restricted with 

EcoRI and BomHI. EcoRI restricted none of the clones obtained. Sequencing of these 

clones revealed that the initial EcoRI digest had occuiTed at a cryptic site (GAATTT) 

approximately 200bp downstream of the actual EcoRI site (GAATTC) resulting in a Ikb 

fragment. When restricted, this ci-yptic site was left with the same sequence overlap as a 

correctly restricted EcoRI fragment and thus was able to ligate with the vector (pBSII). 

All of the recovered clones conesponded with the insertion of the Ikb. In attempt to 

overcome this problem, restiictions were peiformed individually in the prefened buffer of 

each enzyme (buffer E for ^amHI and buffer H for EcoRI; Promega, Southampton,UK). 

After the initial digest the enzyme was heat inactivated at 60°C for 10 mins and the 

restiicted DNA cleaned and salts removed by ethanol salt precipitation prior to 

resuspension in the second restriction buffer. The restricted DNA was separated on a 

0.7% (w/v) agarose/TAE gel (Figure 3.2). The band of approximately 1.2kb was excised 

from the gel, purified and transformed as before. The fragment excised from the gel 

probably contained a mixture of the Ikb and 1.2kb fragments, as several attempts resulted 

in the cloning of the truncated insert. 

A clone of the Ikb cryptic EcoRI, BomHI fragment in pBSIIks was named 

pRPOOl (Figure 3.3). As a consequence, alternative strategies were devised and attempted 

simultaneously. 
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1. 5coEI, BamBl 2. EcdSl 3. BamBl 

Cryptic • 

Figure 3.2: EcoBl restricts at a cryptic site lOObp downstream of the true restriction 
site. 

The 5kb Sad clone was digested with EcoRI (lane 2), BamHl (lane 3) or both (lane one). Digests were 
performed overnight at 37"C in each enzymes preferred buffer (Promega, Southampton, UK). The 
digests in lane 1 were performed separately with the first enzyme being denatured and digested DNA 
ethanol salt precipitated prior to second digest. Single digests revealed predicted restriction patterns 
(Figure 3.1). The double digest (1) reveals the expected 1.2kb £coRI BamHl fragment and a second 
smaller restriction fragment. M indicates the molecular size marker (Ikb ladder, Gibco BRL, 
Cheshire, UK). 

*EcoRl BamHl 

Ikb 

Figure 3.3: A schematic representation of pRPOOl. 

The Ikb cryptic EcoRl to BamHl fragment excised from the plasmid minimal Cf-2 (Dixon et al., 1996) 
was cloned into the vector pBSsk (Stratagene, Amsterdam, The Netherlands). EcoRI has restricted 
the DNA at a cryptic site (GAA TTT), 200 base pairs downstream of the true restriction site (GAA 
TTC). The fragment was cloned into the vector pBSsk (Stratagene, Amsterdam, The Netherlands). 
Not to scale. 

A 2kb Sad, BamHl fragment, encoding the C-terminal portion of Cf-2 was cloned. 

This clone encompasses the original 1.2kb EcoRI, BamHl fragment with the addition of 

approximately 800bp immediately upstream. The novel Aatll restriction site would be 
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intioduced in the same position as described earlier, i.e between the ultimate and 

penultimate amino acid. This fragment was chosen as it is still relatively small, the 6'acl 

site was present in the cloning site of the vector to be used and it encompasses the region 

to be mutatgenised. From this starting point two approaches were designed, the first was 

termed 'double whammy' PGR (Figure 3.4). PCR mutagenesis using the mutagenic 

oligos RPl and the M13 forward piimer, with pRPOOl as a template was peiformed. This 

produced a mutated O.Skb fragment. This fragment corresponded to the C-tenninal end of 

the desired 2kb clone. The O.Skb fragment was later employed as a primer in conjunction 

with the Ml3 foiivard piimer, using the 5kb 5'acl clone as a template to produce the 

complete 2kb ^ocl, BamHI fragment with the introduced Aofll restriction site. 

Preliminary attempts resulted only in further amplification of the 0.8kb fragment 

(due to the 0.8kb fragment carrying a M13 forward primer annealing site). This was 

easily over come by altering the concentration of the O.Skb fragment (to be used as a 

piimer) relative to the template DNA. Best results were obtained when the O.Skb primer 

relative to the template was in 5-1 Ox molar excess (Figure 3.5). 

Sequencing of the mutagenic PCR products revealed that not all of the population 

carried the desired mutagenised site. For this reason it was decided to employ an approach 

that would select for the introduction of an Aafll site. The second approach involved a 

three-way ligation (Figure 3.6). 
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Figure 3.4: Schematic representation of 'double whammy' PCR. 

A) The mutagenic primer RPl and universal forward primers were used on pRPOOl template with an 
annealing temperature of 40''C and a 1 minute extension. The product of this PCR was purified and 
subsequently used as a primer on the 5kb Sflcl clone template. The second set of PCR was set up with 
the addition of only one primer; the 0.8kb product of the first set. After four rounds of 40"C 
annealing temperature for 30 seconds with a 1 minute extension the second primer, the universal 
forward primer, was added. 30 more cycles followed, with an annealing phase of 52''C for 15 seconds 
and a 1 minute 30 second extension. B) Shows the mutagenic primer R P l (red) aligned to the Cf-2 
sequence (in bold), the mutagenised bases are underlined. 
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Figure 3.5: Primer concentrations affects 'double whammy' PCR specificity. 

Concentrations of the 800bp primer were altered relative to template concentration, with respect to 
molarity, to optimise specificity. The desired PCR product is approximately 2kb. Relative primer 
concentrations are aligned to relevent lanes. M indicates the molecular size marker (Ikb ladder Gibco 
BRL, Cheshire, UK). 
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Figure 3.6: Three way ligation strategy. 

Two halves of the fragment are produced by mutagenic PCR using the primers RP4B and R P l with 
universal reverse primers using the 5kb Sacl clone and pRPOOl respectively as templates. These are 
then ligated together with the vector pBSIISK. B) The Mutagenic primers R P l and RP4B are shown 
(in red) aligned to Cf-2 sequence (bold), the mutagenised bases are shown underlined. 

The three-way ligation approach involved producing two fragments by PCR 

mutagenesis, which together complete the desired 2kb fragment with the novel Aatll 

restriction site in place. The mutagenic primers RP4B and RPl (Figure 3.1. Appendix 1) 

were employed to introduce an Aatll restriction site at one end of each of the composite 
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fragments. These were used in combination with primers flanking the Sad and BamHl 

restriction sites on the 5kb Sad clone and pRPOOl template DNA respectively. The PCR 

products were subsequently restricted and ligated to construct the 2kb Sad, BamRl clone, 

with the mutagenised site introduced. Equimolar quantities of each fragment were added 

to the appropriately restricted vector in 3-5x molar excess, a ligation reaction performed 

and the products transformed into E. coli DH5a, using the calcium chloride method. 

Transformation rates were very poor with no positive colonies ever recovered. 

At this point the 1.2kb EcoKl, BamHl fragment was successfully cloned into the 

vector pBSIIsk using the original double restriction protocol. Cloning success coincided 

with several factors; the use of ultra pure water, a reduction in restriction enzyme, and 

hence glycerol, concentration to below 5% (v/v) and not to be underestimated experience 

of the laboratory procedures. This clone was assigned pRP002 (Figure 3.7) and used for 

subsequent steps. PCR mutagenesis was employed to introduce an Aatll restriction site 

and a three-way ligation approach used to select for fragments carrying the desired 

mutation (Figure 3.8). 

The mutagenic primers RPl and RP4B were used in combination with the 

universal reverse and Ml3 forward primers respectively, using pRP002 as a template. 

Synthesis of the correct PCR mutagenesis products was verified by size comparison on an 

0.7% (w/v) agarose/TAE gel. After gel purification using a Machery-Nagel nucleospin® 

kit (AB-gene, Epsom, UK) the fragments were simultaneously ligated together and into 

the pBS sk vector. Putative positive colonies were screened initially by size comparison 

with an empty vector (Figure 3.9). 

EcoRi BamYil 

L2kb 

Figure 3.7: A schematic representation of pRP002. 

The 1.2kb EcoRl to BamUl fragment excised from the plasmid minimal Cf-2 (Dixon et al., 1996) was 
cloned into the vector pBSsk (Stratagene, Amsterdam, The Netherlands). Not to scale. 
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Figure 3.8: A schematic representation of the production of pRP002. 

A) Two halves of the fragment, each with an AatH site introduced at either end, were produced by 
PCR mutagenesis. These were subsequently digested and ligated together along with the appropriate 
vector (pBSIISK). 

1 2 3 4 5 6 

m m • • 
11 12 pBS M 

Figure 3.9: Colonies are positive for the 1.21cb EcoRI BamHl insert. 

Plasmid DNA was purified from 12 colonies and run on a 0.7% (w/v) agarose gel with the vector 
negative control (pBS). Only colonies 3, 6 and 7 were negative for the insert. Colonies 5 and 10 (*) 
were used for subsequent steps. M indicates the molecular size marker (Ikb ladder, Gibco BRL, 
Cheshire, UK). 

Individual EcoRl, BamRl and Aatll restrictions revealed that 7of the above 9 

clones carried the correct mutagenised insert. The two colonies designated 5 and 10 
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(Figure 3.7) were selected and a large-scale purification of plasmid DNA performed on 

each. The clones were named p5^^ and plO^^ respectively (Figure 3.10). These were 

subsequently sequenced and shown to be the desired 1.2kb clones. In each case, 

sequencing revealed that up to and including base 5196 (GenBank accession U42444) no 

sequence mutations had occurred. There was a single base change to base 5197 where a C 

had been replaced with a G. This base change did not confer an amino acid substitution as 

it had occurred within an intron nor did it generate a stop codon. This intron (bases 5051-

5240, GenBank accession U42444) is the only intron in Cf-2 and is found in the 

3'untranslated region of the gene i.e. downstream of the only stop codon. Due to the 

positioning of this mutation it was unlikely to affect the protein or the stability of the 

mRNA. There were no other sequence anomalies upstream of the polyA signal and 

addition sites i.e. no spontaneous mutations had occurred in the transcribed region of the 

cloned portion of Cf-2. 

EcoRl 

Hh 

AatW BamHl 

R 

- / / -

RPl 
M - X RP4B 

I.2kb 

Figure 3.10: A schematic representation of and plO^^. 

An AatW restriction site was introduced into pRP002 (Figure 3.7) by PCR mutagenesis with the 
primers RPl and RP4B (Appendix I) to produce the construct p5^" and plO^\ Not to scale. 

Parallel to the previously described plasmid construction, the 3x c-Myc DNA 

sequence was prepared for insertion into the newly created Aatll site. The sequence 

encoding the 116bp 3x c-Myc epitope-tag was amplified by PCR from the plasmid 

LB2339 (Piedras et al., 2000). It was necessary to create flanking Aatll sites in the correct 

open reading frame; this was done using the primers RP2 and RP3 (Appendix I). The 

PCR products were separated on an agarose gel, purified and restricted with Aatll. The 

vectors p5^^ and p 10^^ were restricted with AatU and treated with shrimp alkaline 

phosphatase to prevent self-ligation. Both the vector and the 3x c-Myc insert were 

purified from an agarose gel using a Machery-Nagel Nucleospin® kit (AB-Gene, Epsom, 

UK) prior to ligation. Ligation products were subsequently transformed into E. coli DH5a 
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using tlie calcium chloride method. Twenty putative positive colonies (10 from both 5^^ 

and 10^^) were screened by PGR directly on cultures, with the primers CF2R1 and MD8 

(Appendix I) (Figure 3.1). These primers amplify a 300bp product from Cf-2 and hence 

an approximately 420bp product where the 3x c-Myc epitope-tag has been successfully 

inserted into Cf-2. CF2R1 and MD8 were chosen, as it would be possible to differentiate 

between a negative result and a failed PGR. This would not have been possible with the 

primer combination RP2 and RP3, which amplifies the epitope-tag alone. Purified DNA 

from the clones p5^^ and plO^^were amplified as negative controls. To screen the 

putative epitope-tagged contracts, l)j,l of 5ml cultures was used as a template. From this 

screening one clone, originating from the modification of p5^^, was identified that 

appeared to carry the 3x c-Myc insert (Figure 3.11). 

^ 300bp 

Figure 3.11: One colony carries the 3x c-Myc epitope-tag. 

Twenty colonies were picked and PCR performed directly on the culture (1-10 originated from , 
whilst 11-20 originated from plO^^). The primers CF2R1 and MD8 were chosen to amplify across a 
300bp region into which the epitope tag was to be inserted. One colony (9) was positive for the 3x c-
Myc coding region. 

The positive clone was assigned pRP004 (Figure 3.12). Sequencing across the 3x 

c-Myc region revealed that no sequence mutations had been introduced. The plasmid 

pRP004 was amplified in E. coli and purified using a Qiagen cartridge (Qiagen, Crawley, 

UK). The 1.2kb EcoRl, BamUl epitope-tagged fragment was obtained by restriction 

digest, separated from its vector by gel electrophoresis and purified using a Machery-

Nagel Nucleospin® kit (AB-Gene, Epsom, UK). The minimal Cf-2 plasmid (Dixon et al., 

1996) was simultaneously digested with EcoRl and BamHl and similarly separated by gel 

electrophoresis. Due to the size of the digested minimal Cf-2 plasmid (>5kb, see material 

and methods) (Dixon et al, 1996) it was purified by electro-elution. A ligation reaction 

was performed to reconstruct the minimal Cf-2 plasmid containing the 3x c-Myc epitope-

tag. E. coli were transformed with the ligation products by electroporation. 

Transformation efficiency was low, which was probably due to the size of the constmct. 
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Two colonies were picked and the plasmid DNA purified before being screened by PCR 

for the epitope-tag. The primers MD8 and CF2R1 were again chosen as these amplify 

across the region, which encompasses the epitope-tag and would still amplify a product, 

although smaller, from negative clones (Figure 3.13). 

Ecom 3x c-myc 

Hh 

4 — 0.4kb — • < 0.8kb • 

R 

Figure 3.12: A schematic representation of pRP004. 

The Aatll site of (Figure 3.10) was restricted and the 116 bp 3x c-Myc epitope-tag inserted. 

Figure 3.13: Successful construction of a 3x c-Myc epitope-tagged version of Cf-2.2. 

Two putative positive colonies were screened directly by PCR for presence of the epitope tag in the 
reconstructed minimal Cf-2 plasmid. The primers CF2R1 and MD8 were chosen to amplify across a 
300bp region into which the epitope tag was to be inserted. PCR products from positive colonies are 
116bp (corresponding the epitope-tag) larger than negative controls. Minimal Cf-2 and 10^" (-ve A 
and B respectively) plasmid DNA were used as negative template DNAs, old and new stocks of 
pRP004 were used as positive controls (+ve A and B respectively). Both screened colonies (5 and 7) 
tested positive for the epitope tagged version of the minimal Cf-2 plasmid. M indicates the molecular 
size marker (Ikb ladder, Gibco BRL, Cheshire, UK). 

Sample 7 was picked and asssigned pRP005 (Figure 5.14) and used to transform 

Agrobacterium tumefaciens. A. tumefaciens was transformed as plant transformations 

were performed using the A. tumefaciens method (Chapter 4). The strain LBA4404 of A. 

tumefaciens was transformed by electroporation and four putative positive colonies (A-D) 

were tested for the complete insert by restriction digest with the enzymes Pstl, Xhol and 

Sad (Figure 3.15). Plasmid DNA was purified from A. tumefaciens putative positive 
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colonies and amplified in E. coli prior to restriction digest. The restriction digest revealed 

all colonies carried the complete RP005 construct. Colony C was picked for use in plant 

transformations (Chapter 4) 

A) 

Xhol Pstl Xhol Sad EcdRl Hindlll BamlU. 

3x c-Myc 

Xhol 

B) SLJ7291 

HniK(i) 
M C I 333) 

Pstl 
/ EcoSL 

\i&idnL j / BamHL 
Xbal 

Ssil 
LB (308) 

Ocs3 Ocs3 
RB(4164) 

K!K(5989) 

Taken from: 
ht^://www.jic.b 
bsrc.ac.uk/sains 
bury-
lab/jonathan-
jones/plasmidlist 
/s3d_plas.htm 

PsiI(27U) 

Taken from: http://www.jic.bbsrc.ac.uk/samsbury-lab/jonathan-jones/plasmidlist/s3d_plas.htrn 

Figure 3.14: A schematic representation of pRPOOS. 

A) The clone pRP004 (Figure 3.12) was digested with EcoRI and BamHI and ligated into ^coRI, 
BamHI restricted Minimal-Cf2.1 (Dixon et al., 1996). This construct is engineered into the cloning 
vector SLJ 7291 (B). http://www.jic.bbsrc.ac.uk/sainsbury-lab/jonathan-
jones/plasmidlist/s3d_plas.htm. B) HIIIK signifies a ffindlll site filled in with Klenow polymerase 
and dNTPs; RIK indicates and EcoRl sire similarly treated; LB signifies T-DNA left border repeat 
sequence; RB signifies the right border repeat; nos indicates the nopaline synthase promoter; ocs 3' 
indicates octopine synthase 3' end; NPT indicates neomycin phosphotransferase; Gene transcriptional 
orientations are indicated by an arrow. All SLJ plasmids, including SLJ 7291 are derived form the 
broad-host-range vector pRK290 (Friedman et al., 1982). 
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Figure 3.15: The construct pRP005 is carried in full by A. tumefaciens . 

Four A. tumfaciens colonies (A-D) were picked, plasmid DNA purified and subsequently amplified in 
E. coli. Plasmid DNA was restricted with Pstl, Xhol and Sad to verifiy integrity. A parallel 
restriction digest was performed on the plasmid minimal Cf-2 (Cf2) as a size comparison. Size shifts 
compared to Cf-2 are due to the epitope-tag. All four colonies were positive for the intact pRPOOS 
plasmid. M indicates the molecular size marker (Ikb ladder, Gibco BRL, Cheshire, UK). 

In order to build a similar construct {Cf-2 with the 3x c-Myc epitope-tag in the 

same position as pRP005 but using the CaMV 35S promoter), the majority of the Cf-2 

gene was excised from pRF005 using the restriction enzymes Acc65I (a neoschizomer of 

Kpnl) and BamUl (Figure 3.14a). This was ligated into the vector pK03 (Dixon, 

unpublished). pK03 was engineered from the vector SLJ 7291 (Figure 3.14b). Firstly, the 

Kpnl sites outside of the left and right borders were destroyed by filling in and re-ligation. 

Secondly, a 1.9kb PGR product amplified from the vector SLJ8891 

(http://www.jic.bbsrc.ac.uk/sainsbury-lab/jonathan-jones/plasmidlist/s3d_plas.htm) was 

ligated into the EcoRl and BamlAl sites to create the new vector. The fragment was 

amplified using primers to introduce a new BamVll site immediately after the Kpnl site. 

The PGR fragment contains the 35S promoter and a portion of the Cf-2 gene (from the 

Clal site to immediately after the Kpnl site). E. coli was subsequently transformed by 

electroporation. Four putative positive colonies were screened by PGR directly on liquid 

cultures with the primers RPl and Ml3 forward. This PGR produced non-specific 

products of a size similar to that expected from a positive colony (approximately 1.6kb) 

and so was abandoned. A Baml^l and Acc65l restriction digest, after mid-scale alkaline-

lysis plasmid preparation, was performed on only one putative positive colony. This 

enzyme combination would release a very small restriction fragment (only a few bases) 
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from a negative colony and a relatively large (approximately 4kb) fragment from a 

positive colony. The colony picked was positive for the epitope-tagged version of Cf-2. 

This construct was assigned pRP006 (Figure 3.16) and used for A. tumefaciens 

transformations. Eight (numbered 1-8) putative positive A. tumefaciens Xxansfoxxfrnvi?, 

were picked and plasmid DNA purified from them. The plasmid DNA was subsequently 

transformed into E. coli for amplification. Six of the eight transformations were 

successful and plasmid DNA purified from two (numbers 3 and 7). A restriction digest 

with the enzymes Pstl, Xhol and Sad revealed that both carried the complete RP006 

construct (Figure 3.17). A. tumefaciens colony 7 was used for subsequent plant 

transformations (Chapter 4). 

£coSI Kpil MfscRll Sjcl Eco?i Madil] fijisHI 

II I I I I-L B — : — E E 

pnosNPT CaMV35S t || 
promoter 3x c-Myc 

Figure 3.16: A schematic representation of pRP006. 

The clone pRPOOS was digested with Acc65I (a neoschizomer of and BamHl (Figure 3.14a). 
This was ligated into the vector p K 0 3 (Dixon, unpublished). The vector p K 0 3 was produced from 
SLJ 7291 into which the 35S CaMV promoter and the initial portion of Cf-2 (from the ATG start 
codon, Clal site to immediately after the Kpnl site) were cloned. The fragment was amplified from the 
vector SLJ8891 (http://www.jic.bbsrc.ac.uk/sainsbury-lab/jonathan-jones/plasmidlist/s3d_plas.htm) 
using primers to introduce a new BamUl site (Green) immediately after the Kpnl site. This clones 
contains Cf-2 up to the final BamSl site (open box) and the 35S CaMV promoter (diagonal shading). 
Sites introduced into the Cf-2 sequence are shown in green, Clal was introduced in the contruction of 
SLJ8891. LB signifies T-DNA left border repeat sequence; RB signifies the right border repeat; nos 
indicates the nopaline synthase promoter; ocs 3' indicates octopine synthase 3' end; NPT indicates 
neomycin phosphotransferase; Gene transcriptional orientations are indicated by an arrow. 
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Figure 3.17: A. tumefaciens carries the complete RP006 construct. 

Plasmid DNA was purified from putative transformed A. tumefaciens colonies and amplified in E.coli. 
Two E. coli colonies were picked, plasmid DNA purified and restricted with Pstl, Sad and Xhol. C 
indicates control plasmid DNA taken before transformation into A. tumefaciens (colony 1, Figure 
3.13). Comparison with control DNA revealed both colonies carry pRP006 without any deletions. M 
indicates the molecular size marker (Ikb ladder, Gibco BRL, Cheshire, UK). 

3.3 Discussion 

The aim to engineer two epitope-tagged versions of Cf-2, one using the native 

promoter and one using the 35S promoter, was met. These constructs were used to stably 

transform both tobacco and tomato and used to meet the aim of this thesis; to study the 

sub-cellular localisation and post-translational modification of Cf-2. 

Several methods were used in an attempt to produce the epitope-tagged constract 

with varying degrees of success. All methods relied upon the process of introduction of 

mutations by PGR using mutagenic oligos. As revealed by the 'double whammy' 

approach, the difficulty was selecting for inserts that contained both mutations, often only 

one site was mutated. This unsuccessful approach required the screening of many 

colonies by isolation of plasmid DNA and subsequent restriction and/or sequencing, 

which is both costly and time consuming. As the two point mutations produced a novel 

restriction site (Aatll), the 3-way ligation approach was ultimately successful as this pre-

selected for fragments with the desired mutations. 

An alternative approach would have been to use an in vitro mutagenesis system, 

such as Altered sites® II (Promega, Southampton, UK). This procedure requires the 

cloning of the DNA to be mutagenised into a vector with the tetracycline resistance gene 

and a modified version of the ampicillin resistance gene. The mutagenic oligo along with 

the ampcillin repair oligo and the tetracycline knockout oligo, anneal with their target 

sequences. The mutagenised DNA is then synthesised using T4 DNA polymerase and 
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ligase. Contnicls are subsequently transformed into E. co// and those carrying the desired 

mutated site can then be selected for using ampicillin. This procedure is best used for the 

introduction of one mutagenised site at a time, as if two sites were introduced at once, it 

would be impossible to tell the difference between clones with one or two of the desired 

changes. Subsequent rounds of mutagenesis can be performed by alternating the use of 

the tetracycline and ampcillin repair and knockout oligos. As with the 3-way ligation 

approach employed in this project, the Altered sites® n kit would experience the same 

problems with the cloning of a portion of Cf-2. This approach would have required less 

rounds of cloning and was less likely to have resulted in the spontaneous mutations 

observed with the 3-way ligation approach. 
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Chapter four 

4 Plant transformations and characterisation 

4 . ) / n f r o d u c f / o n 

mrnf/oc/fm is one of only a few bacteiial pathogens (A. 

and A. that is able to 'genetically engineer' its host. This ability of trans-kingdom 

DNA tiansfer has been exploited in plant genetic engineering. 

Plant transformation by A. requires two elements located on the Ti 

(Tumor-inducing) plasmid. The first is the T-DNA (transferred DNA), which is the DNA 

between two border repeats (the left and right borders). This region nonnally encodes 

oncogenic (one) genes, which leads to tumour formation. For plant 

tiansformations the o/rc genes are removed and replaced with the gene of interest. The T-

DNA does not encode any proteins important for its uptake and any DNA within the 

borders will be transferred to the host plant cell. The second component required on the 

Ti plasmid is the virulence (vir) region, which is made up of seven major loci (v/rA, WrB, 

vfrC, WrD, vzrf, WrG and v/r/f). The vir region encodes the machinery required for host 

recognition, attachment and delivery of the T-DNA into the cytoplasm of a plant cell. 

Localisation to the nucleus and integration into the genome requires host factors. 

The first step towards T-DNA transfer requires the production of a single stranded 

T-DNA copy called the T-strand (Hookyaas and Beijerbergen, 1994). A complex of 

VirDl and VirD2 binds to the supercoiled Ti plasmid at the T-DNA borders (24bp 

imperfect direct repeats) relaxes it and nicks the T-DNA to produce the T-strand. VirD2 

becomes covalently bound to the 5' end of the T-strand where it remains attached during 

transfer into the plant cell and is involved in nuclear taigeting. VirE2 has been shown to 

bind and package single stranded DNA (ssDNA). It is hypothesised that VirE2 in a 

complex with VirD2 coats the T-strand (a ssDNA) to prevent it re-annealing to its sense 

strand (Zupan and Zambryski, 1997). 

Transpoit of the T-complex (T-strand, VirD2 and VirE2) occurs via a type IV 

secretion apparatus encoded by the gene and operon (Zupan gf aZ., 1998). 
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VirB6 with its six tiansmembrane domains is postulated to be involved in the ioimation of 

the transpoiter pore (Zambryski, 1992), with VirB7 homodimers and VirB7A^i]B9 

heterodimers fomiing a nucleation centre for the rest of the transport complex. The 

functions of VirB8 and VirBlO are unknown, genetic evidence predicts interaction of 

VirBlO with the VirB7/VirB9 nucleation centre (Zupan cr (7/., 1998). 

Once in the cell nucleai" import of the T-DNA occurs. VirD2 and VirE2 (the 

components of the T-complex) caiTy nucleai' localisation signals that target uptake by the 

nucleus (Citovsky 1994). 

Once in the nucleus the T-DNA must integrate into a chromosome, which occurs 

at random. As the T-DNA doesn't encode the necessary enzymes for this, VirD2 and 

VirE2 proteins and/or host nuclear factors must provide these activites, indeed VirD2 has 

a ligase activity m vmo (Pansegrau gf a/., 1993). 

The right border is integrated into plant DNA with greater precision than the left 

border. It is not uncommon for hundreds of bases to be lost from the left border upon 

insertion into the plant genome. This is because the right border is integrated into the 

plant genome first and is better protected by the T-complex. Therefore, T-DNA nearer the 

left border is more exposed to nuclease activity resulting in frequent loss of sequence at 

the left border. One reason why the right border is better protected is because it is 

essential for tumorigenesis whilst the left border is dispensable (Hooykaas and 

Beijersbergen, 1994). It is important to take this into account when designing the 

construct ensuring the T-DNA is in a position and orientation less likely to be effected if a 

loss at the left border occurs. 

Cf-2 mediates gene for gene resistance in tomato, against any race of 

carrying AVR2. However it seems increasingly unlikely that Cf-2 

is directly the Avr2 receptor, which means other proteins, must be involved. Cf-2 

absolutely requires a second plant protein Rcr3 (required for C. resistance) to 

mediate disease resistance (Dixon gr aZ., 2000). Rcr3 has been cloned and encodes an 

extracellular papain-like cysteine protease (Kniger gf a/., 2002). Introgression of Cy-2 

from A. into 1. g^cw/gnmm requires a second Z,. gene 

(Â g) to suppress a ( ^ 2 dependent auto-necrotic phenotype (Langford 1948). PCruger gf aZ. 
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(2002) demonstrated that Nf and (1. p / m p g n g a l l e l e of are allelic 

and that (1. allele) coiTesponds to nc. / ? c r / ng promotes (^-2-

dependent auto-necrosis, which can be prevented by the presence of ^cry '" . It is 

proposed that Cf-2 acts as a 'guard' for Rcr3 and that upon recognition of an Avr2/Rcr3 

complex it triggers a defence response. Therefore, in the absence of Avr2, a plant carrying 

could not generate such a signal. A plant carrying /(cr.F''", an allele that did not 

co-evolve with (^^2, could generate a leaky signal even in the absence of Avr2 and induce 

auto-necrosis. 

The aim of this study was to produce, if possible, functionally active epitope-

tagged versions of Cf-2 to aUow the study of its sub-cellulai" localisation. It is predicted 

that the cytoplasmic tail of the Cf proteins, into which the epitope tag has been inserted, 

(Chapter 3) serves no function other than as a membrane anchor. Therefore, the epitope 

tag should have little or no effect on function of the transgene. However, the Cf proteins 

have no obvious signalling domain, therefore, one possibility is that the cytoplasmic tail 

interacts with other plant molecules to elicit a signal. Piedras g/ (//., 2000 produced a 

version of Cf-9 with an epitope-tag in the cytoplasmic tail that was still functional. In 

addition Van der Hoom a/. (2001a) revealed that the C-terminal dilysine repeat of Cf-9 

is not requited for its function, indicating that the cytoplasmic tail functions only as a 

membrane anchor. 

Tobacco and tomato are both Solanaceous species and so tobacco (e.g. Mcorm/m 

mZ)acwm) is often used as a model plant as it is relatively quick growing, produces a large 

amount of vegetative material and most importantly, is easy to transform relative to 

tomato. This is useful for many studies. Obviously, tobacco is only useful to study Cf 

function (and hence epitope-tagged transgene function) if the Cy genes can also function in 

tobacco. suspension cultures carrying Cf-9 respond to Avr9 elicitation by 

producing active oxygen species, protein kinase activation and novel gene expression 

(Piedras gf a/., 2000. Romeis ef a/., 2001). These data suggest that Cf-Avr gene-for-gene 

interactions are at least to some extent fimctional in TV. Assessing the function of 

Cf-2 in M is difficult because Avr2 had not been cloned at the start of this 

project. Without purified Avr2 it would be difficult to quantitatively assess the 

consequences of Avr2 recognition by Cf-2. This is made more difGcult as C. is not 

pathogenic on tobacco. Recent evidence suggests that Cf-2 doesn't function at all in N. 
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hut does in Â . (Jones, unpublished data). Even if Cf-2 does not 

function properly in tobacco it is still likely to be a suitable model for sub-cellular 

localisation studies, which is advantageous, as it is known to be easier to purify 

membranes from tobacco relative to tomato. Piedras cf (//., 2000 used M as a 

model plant to study the localisation of Cf-9. Due to the differences between Cf-2 and Cf-

9 function in TV. it appears important to perform parallel analysis in tomato to 

confiiTn that N. is indeed a suitable model. 

The functionality of the epitope-tagged ( ^ 2 constmcts is easily tested in tomato 

by inoculation with appropriate races of C. yzyVvwrn. The level of resistance can be assessed 

using the transgenic C. yh/vwm race 4 GUS (Oliver o/., 1993). Oliver gf a/. (1993) 

produced transgenic lines of C. that express the wfVM reporter gene. The 

transgene encodes the enzyme P-D-Glucoronidase (GUS), the expression of which can be 

assessed both qualitatively and quantitatively. The GUS gene is often used in plants to 

produce promoter:GUS fusions, where the promoter of a gene of interest is used to drive 

the expression of the GUS gene. These fusion constructs can then be used to produce 

expression profiles of the gene of interest, by detection of GUS activity. 

Oliver gf aZ. (2003) demonstrated that the GUS activity observed in leaves infected 

with C. race 4GUS is directly propoitional to the amount of hyphal biomass. 

To study the sub-cellular localisation of Cf-2 (Chapter 5) and the functionality of the 

epitope-tagged proteins both construct pRPOOS and pRP006 were stably transformed into 

both tobacco (M cv. Petit Gerard) and susceptible tomato (l)'copgrjzcon 

CfO). The transformations were performed using an A. mediated 

method. Functionality of the transgenes in tomato was assessed by inoculation with C. 

yw/vwm race 4GUS. 

4 . 2 R e s u / f s 

To study the subcellulai' localisation of Cf-2 it was necessary to express the 

constructs pRP005 and pRP006 (Chapter 3) m pZarnfa. Both constructs were stably 

transformed into both susceptible tomato (lycopgrMcoTz e^cz^Zmmm) and tobacco 

(Mconana cv. Petit Gerard) using an A. mediated method. M 
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tahacum was transformed, primarily, because of the relative ease of transformation 

compared with tomato. Tomato transfonnation is technically challenging and time 

consuming by comparison to tobacco transfonnation. In addition, the preparation of 

membranes is known to be easier from tobacco relative to tomato. 

4.2.1 Transforming N. tabacum cv. Petit Gerard with RP005 

A strain of A. tumefadens carrying the construct pRP005 (epitope-tagged Cf-2 

using it native promoter. Chapter 3) was used to transform N. tabacum. The first 

transformation attempt resulted in 40 shoots, which were excised and designated TOOl-

T040. Of these, only 16 produced roots under kanamycin selection, one later died upon 

transfer to soil. The recovered putative transfonnants were grown for both tissue and 

seed. DNA was extracted from each putative transfoimant and used for Southern blot 

analysis. Genomic DNA was digested with Hindlll (Figure 4.1) and hybridised with a 

probe amplified from the minimal-Cf2 plasmid using the primers V2R2 and V3F. All but 

three plants (TOM, TO 16 and TO 18) were positive for the transgene (Figure 4.2). 

3% c-Myc 
^ \ / H 

.5kb 
H LB 

Cf-2 probe A 

MPTII LB = left border 

Promoter R.B = right border 

Open reading frame j-j = j^mdlll restriction site 

Plant gDNA 

Figure 4.1: Hindlll restriction map of Cf-2. 

Schematic representation of Cf-2, showing the region used for a DNA probe (not to scale). The 2.4kb 
probe (Cf-2 probe A) was amplified with the primers V3F and V2R2 from the minimal Cf-2 plasmid 
(annealing temperature: 54''C, extension: 2.5 minutes, number of cycles: 35). 
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Figure 4.2; Most kanamycin resistant tobacco transformants carry the epitope 
tagged Cf-2 gene. 

Southern blot analysis of putative RP005 tobacco transformants. Genomic DNA (6(ig) digested with 
Hindlll and hybridised with the Cf-2 probe A (Figure 4.1). Plants positive for the transgene should 
show at least two bands one 3.5kb and more than one band larger than 2.5kb. Number of additional 
bands indicates transgene copy number, the sizes of which depend upon the flanking region of DNA 
(Figure 4.1). Plants where the major 3.5kb band was present were treated as positive as the second 
band (>2.5kb) was not always detected. +ve indicates a positive control, D631 8891K (tomato carrying 
Cf-2 transgene Dixon, unpublished), - ve indicates a negative control, N. tabacum cv. Petit Gerard. 
Plant designations are aligned to relevant lanes. M indicates molecular weight markers (Ikb ladder, 
Gibco BRL, Cheshire, UK). 

Seed was collected from selfed primary transformants (Ti generation). Seeds were 

grown on kanamycin and segregation analysis was performed. Transfor-mants carrying 

only one copy of the RP005 T-DNA were selected to establish homozygous lines. 

Transformants carrying several copies of the T-DNA, although potentially express the 

protein to higher levels, were not used further. It would be very difficult to establish 

homozygous lines from plants carrying more than one copy of the T-DNA. Once a line 

Page 108 



homozygous for one locus has been established it would have been challenging and time 

consuming to tell if the other locus (loci) is also homozygous. This would be a problem if 

the initial homozygous locus encodes a non-functional copy of the protein. Segregation 

analysis, using a Chi-squared test, revealed seven plants (T002, T005, T029, T030, T032, 

T037, T038) that carry just one copy of the transgene (Table 4.1). Eight green 

seedlings fi om each of these seven plants were gr own in soil for seed to establish 

homozygous lines. 
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Table 4.1: Segregation analysis of RP005 W. faAacww cv. Petit Gerard transformants. 

To obtain segregation data self-seed of T] transformants were plated on MS media with 300ng/ml 
kananiycin. After 3 weeks the seedlings were analysed and their segregation ratios calculated. 
Seedlings expressing at least one copy of the transgene remained green (G) whilst those without a copy 
were bleached white (W). This data is combined with the results of the Southern and RT-PCR 
analyses. N/A = not attempted. Significance level at P = 0.05 for a Chi" value with one degree of 
freedom = 3.84 (significant values are shown in bold). 

chi' values were calculated as follows 

General formula: 

x:l Chi" = (a-xb)" 
xn 

Where a > b and a + b = n 

Plant designations in italUcs indicate those with a single integration event 

* = Probably untransformed or protein not expressed 

± = Two independent integrations 

§ = Probably three independent integrations. 

Segregation Goodness of fit Chi" Southern RT-PCR 

analysis 

PLANT G: : W 3 ;1 15 : 1 + / - + /-

7002 274 : 086 0 . 2 4 191.16 + + 

T004 072 : 037 4.65 142.68 + N/A 

T005 091 : 030 0.00 71.01 + + 

TOO? 179 : 040 5.30 53.95 + N/A 

TOM* 000 : 187 561.00 2805.00 - N/A 

T016 003 : 185 540.26 2724.82 - N/A 

7078 074: : 016 2 . 5 0 20.41 - N/A 

7020 158 : : 043 1 .39 78.66 + + 

T025 160: : 036 4.60 49.12 + N/A 

7029 252 : : 079 0 . 2 3 175.33 + + 

70.F0 234: : 089 1 . 1 2 250.20 + + 

70.)2 187 : 057 0 . 3 5 121.92 + + 

T033§ 300: 003 93.16 14.31 + N/A 

7037 256: 090 0 . 1 9 230.60 + -

70J8 243: 089 0 . 5 8 239.45 + -

T040$ 270: 019 52.33 0 . 0 5 1 9 + N/A 
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The seven plants canying just one copy of the T-DNA were tested for expression 

by RT-PCR, a relatively sensitive protocol. Using the native Cf-2 promoter, transcript 

levels were predicted to be too low for detection by northern analysis (Dixon, unpublished 

data). The plants T002, T005, T029, TO30 and T032 were all positive for expression of 

the T-DNA, whilst T038 was negative (Figure 4.3). The plant T037 appeared positive for 

expression of the transgene however, there were two additional products amplified and 

therefore the plant was treated as T038 and discarded. Table 4.1 contains a summary of 

all of the putative pRP005 transfomants. The remaining plants (eight To plants from each 

line) were grown for seed. Seeds were obtained from all selfed Tz plants and grown under 

kanamycin selection, to identify homozygous lines (those which exhibited no segregation 

of the transgene). These homozygous lines were used for further investigation (Chapter 

5). 

1. 6k.b 

e 
Ikb 

Figure 4.3: N. tabacum cv. Petit Gerard transformants express the RP005 transgene. 

Tobacco tranformants carrying one copy of RP005 were tested for expression of the transgene by RT-
PCR. Total RNA (4-5 ng) was used as a cDNA template. The cDNA was cleaned and eluted in 30 nl. 
Cleaned cDNA (6 jil) was used in each 20 [il PCR and 50 ng of gDNA or 5ng of plasmid DNA were 
added to the control PCRs. Primers (CF2R1 and MD20) were chosen to amplify across an intron. 
Petit Gerard cDNA was used as a negative template control. Minimal Cf-2 plasmid and 2.1-D cDNA 
were used as Cf-2 positive controls to demonstrate the size shift expected due to amplification across 
the intron. The plasmid pRP005 and T005 gDNA were used as positive controls to indicate the 
expected product size due to the presence of the intron. The products from the transformants and 
pRP005 were of a higher molecular weight relative to the Cf-2 controls due to the epitope tag within 
the amplified region. Plant designations are aligned to relevant lanes. 

r UBRABY 
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4.2.2 Transforming N. tabacum cv. Petit Gerard with RP006. 

The second constiuct pRPU06 (epitope-tagged Cf-2 using the relatively strong 

CaMV 35S promoter, Chapter 3) was stably transformed into Af. cv. Petit Gerard. 

Over 100 shoots were transfened to rooting media. Under kanamycin selection 25 

tobacco shoots rooted and were designated T041-T065. Putative transformants were 

transfened to soil and gi own for seed and tissue. It was decided to test for expression (and 

hence presence) of the transgene by northern analysis, instead of by Southern blot and RT-

PCR as before. As the construct pRP006 uses the relatively strong CaMV 35S promoter, 

detection by northern blot analysis was predicted to be relatively easy. It was also 

predicted that background 7/cr expression would not be a problem as the native expression 

levels are relatively low. Of the 25 plants analysed 16 (T041, T042, T043, T046, T048, 

T049, T050, T053, T055, T057, T060, T061, T062, T063, T064 and T065) tested positive 

for tiansgene expression (Figure 4.4). The transformants appeared to have differing 

expression levels, although equal loading of the samples was not tested for the first 20 

samples (Figure 4.4, A) post tiansfer to the membrane. However loading was assessed for 

the second set of samples (figure 4.4, B) by stripping the blot and re-probing with a probe 

designed to anneal to the relatively abundant 18S ribosomal RNA (rRNA) (Figure 4.4, C). 

This revealed roughly equal loading for these samples. The 18S rRNA probe is designed 

specifically to flax, obtained by an EcoRI, j ^ n l digest of the plasmid pBG35 to release a 

1.5kb fragment (Goldsborough and Cullis, 1981). 
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Figure 4.4: M tabacum cv. Petit Gerard transformants express the RP006 transgene. 

10(ig of total RNA was separated on a 1.5% (w/v) denaturing gel and subjected to northern analysis. 
Blots A and B were probed with 2.4kb Cf-2 probe A (Figure 4.1). To confirm equal loading blot B was 
stripped and incubated with a probe for 18S ribosomal RNA (C). N. tabacum cv. Petit Gerard (PG) 
total RNA was used as a negative control to test for the expression ot Hers in tobacco. Plant 
designations are aligned to the relevant lanes. A shows a 50 minute exposure, B and C show results 
from a 4 hour exposure. 

Segregation analysis of the transgene in the To generation was perfomed on all 

transformants that were positive by northern analysis. Seven transformants (T041, T042, 

T060, T061, T063, T064 and T065) carried just one copy of the transgene (Table 4.2). 

Due to contamination of the seedlings grown on kanamycin, the segregation data obtained 

for the plant T041 came several weeks later. Therefore, it was decided to carry on the 

analysis with the remaining 6 single insertion lines. A positive coixelation was observed 

between copy number and intensity of signal on the northern blot. Eight green seedlings 

of each of the above lines were grown in soil for seed. From these plants homozygous 

lines were established and used for further investigation (Chapter 5). 
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Table 4.2: Segregation analysis of RP006 TV. cv. Petit Gerard 
transformants. 

Self-seed of Ti transforiiiants were plated on MS media with 300jig/nil kananiycin selection. After 3 
weeks the seedlings were analysed and their segregation ratios calculated. Seedlings expressing at 
least one copy of the transgene remained green (G) whilst those without a copy were bleached white 
(W). Significance level at P = 0.05 for a chi" value with one degree of freedom = 3.84 (significant 
values are shown in bold). 

chi' values were calculated as follows 

General formula: 

x:l chi' = (a-xb)" 
xn 

Where a > b and a + b = n 

Plant designations in italUcs indicate those with a single integration event 

* = Probably untransformed or protein not expressed. 

± = Two independent integrations 

§ = Three independent integrations. 

Segregation Goodness of fit chi^ 

Plant G : W 3 : 1 1 5 : 1 63:1 

7047 222:072 0.04 16&93 1004.78 

r042 444:140 0.33 3 n 0 5 1906.86 

TD43* OO&lOO 3oaoo 1500.00 6300.00 

TD46§ 354:003 11L13 17.83 L21 

T%48§ 26L003 80J^ 1L78 (131 

TD49* 000:100 300.00 1500.00 6300.00 

T050 356:069 17.41 7132 594^9 

T053$ 336:014 8232 102 13.52 

T055§ 280:004 84J0 1L36 0.04 

7060 117:035 0.32 73.01 455^8 

305^01 0.00 24141 1434.80 

T062$ 293:021 56J6 OJO 53063 

231:084 0.47 224^9 1290.69 

173:053 0.29 114^3 T'&LOO 

225:062 1.77 115J^ 74939 
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4.2.3 Transforming L. esculentum with RP005. 

Tomato transformation was technically challenging, with many failed attempts. 

The first unsuccessful protocol (tomato transfonnations A, Chapter 2) always resulted in 

the death of explants, neither shoots nor callus were ever observed. After repeated failed 

attempts a new protocol (tomato transformations B, Chapter 2) was devised with the kind 

help of Matthew Smoker in the Sainsbury Laboratory at the John Innes Centre, Norwich. 

This protocol made use of feeder layer plates for the A. / tomato explant co-

cultivation phase. Feeder layer plates were made up of co-cultivation media with a layer 

of tobacco suspension cells covered with filter paper onto which the explants were placed. 

This protocol proved a success. Fmther problems were encountered when subsequent 

attempts resulted in no shoot foimation. This was overcome by the use of a fresh stock of 

the shooting hormone zeatin riboside. In addition to this, the antibiotic augmentin 

(Duchefa, The Netherlands) was replaced with 150mg/l Timentin (Duchefa, The 

Netherlands), as this antibiotic has been shown to be non-toxic and significantly promotes 

shoot formation (Ling cf a/., 1998). Once shoots were formed they were cut from the 

explants and placed in rooting media. The first two attempts resulted in veiy low rooting 

efficiency, with approximately 10% of shoots producing roots. Green shoots are capable 

of producing their own honnones for root growth; however, to increase rooting efficiency 

O.I8mg/l of the auxin indole-3- acetic acid (L\A) was used to supplement the rooting 

media (Seear, unpublished data). 

L CfO tomatoes were transfomed with the construct pRP005. During 

the first few attempts, approximately 40 shoots were obtained of which only six rooted, 

one of which lacked an apical meristem. The five putative positive transformants were 

designated TOOl, T002, T003, T004 and T005. These were subsequently transferred to 

soil and placed in a propagator to maintain high humidity levels. The propagator was 

gradually opened over a period of a few days to allow the plants to adapt to a drier 

environment. The second round of transformation produced seven putative transformants 

designated T212-T218, plant T217 was later lost. 
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The plants were screened for presence of the trans gene by inoculation with C 

fulvum race 4GUS and by PGR and RT-PCR analysis concuiTcntly. Inoculation with C. 

fidvum also served to assess the functionality of the trans gene. 

Presence of the T-DNA was analysed by PGR, using the primer combination of 

RP2 and GF2R1. This primer combination amplifies a region of the trans gene from within 

the epitope-tag. This revealed that only two plants (T002 and T213) were positive for the 

T-DNA, RP005 (Figure 4.5 and 4.6). This was repeated several times with the same 

result. 
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Figure 4.5: L. ecsulentum putative transformants carry the T-DNA RP005. 

PCR was carried out on lOOng of template genomic DNA extracted from the putative tomato 
transformants and controls. 5ng of pRPOOS was used as a positive control, with CfO and no template 
making up the negative controls. The primers (RP2 and CF2R1) were chosen to amplify a region 
starting within the 3x c-Myc region for increased specificity. Plant designations are aligned to 
relevant lanes. M indicates molecular weight markers (Ikb Plus ladder, Invitrogen, Paisley, UK). 
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Figure 4.6: L. esculentum putative transformants carry the T-DNA RP005. 

PCR was carried out on lOOng of template genomic DNA extracted from the putative tomato 
transformants and controls. 5ng of pRPOOS was used as a positive control, with CfD DNA and no 
DNA template making up the negative controls. The primers (RP2 and CF2R1) were chosen to 
amplify a region starting within the 3x c-Myc region for increased specificity. Plant designations are 
aligned to relevant lanes. M indicates molecular weight markers (Ikb plus ladder, Invitrogen, Paisley, 
UK). 

Expression of the T-DNA was tested by RT-PCR. Optimisation of the RT-PCR 

was difficult, probably due to the predicted low levels of transcript and the presence of 

additional Hcrls. Initially the same primer combination, as used on tobacco 

transformants, was used. Problems were encountered with this primer combination 

(CF2R1 and MD20). This primer combination amplifies across the Cf-2 intron but is 

situated in the most conserved region of the gene resulting in the amplification of CfO 

homologues (as revealed by sequencing data, not shown). To circumvent amplification of 

the Hers the primers RP2 and CF2R1 were chosen. This primer combination amplifies a 

region of the transgene from within the epitope-tag and spanning the intron. Although 

only one plant (T002), from the initial group of transformants, was shown to be positive 

by PCR all five plants were analysed for expression to verify the above result. Two plants 

(T002 and T005) appeared to express the transgene as shown by RT-PCR (Figure 4.7). 

However, non-specific bands were also amplified from both CfO and Cf-2 negative 

controls. As the non-specific band was present in the tobacco 2,1-D, which expresses Cf-2 

and carries no Hers, it could be assumed that this is due to amplification of Cf-2 itself 

Repetition of RT-PCR revealed only T002 to be consistently positive for expression of the 

transgene. This is what was to be exprescted as only T002 was shown to be positive by 

PCR. Sequencing of the T002 RT-PCR product confirmed it to be a specific product, the 

epitope-tagged transgene (data not shown). RT-PCR was performed on only T213 from 

the second group of transformants and revealed that this plant also expresses the transgene 

(Figure 4.8 A). The Primers RP2 and CF2R1 were chosen to access expression of the 
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trans gene for reasons described above. In addtion the cDNAs and the gDNA controls 

were amplified using the primers MD8 and CF2R1 as this amplifies the most conserved 

region of Cf-2 and had previously been shown to anneal preferentially to CfO at lower 

annealing temperatures (50-52°C). These reactions served as a positive control for the 

quality of the cDNAs and gDNAs demonstrating that amplification from these templates 

was possible (Figure 4.8B). 
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Figure 4.7: L. esculentum CfO expresses the transgene RP005. 

All five putative transformants were assessed for expression of the T-DNA by RT-PCR. Total RNA 
(4-5 fig) was used as a cDNA template. The cDNA was cleaned and eluted in 30 fil. Cleaned cDNA (6 
fil) was used in each 20 fil PCR and 50 ng of gDNA or 5ng of plasmid DNA were added to the control 
PCRs. Primers (CF2R1 and RP2) were chosen to amplify across an intron. CfO gDNA, min Cf-2.1 
plasniid and 2,ID cDNA (Petit Gerard tobacco transformed with Cf-2) were used as a negative 
template controls. PG T005 gDNA and cDNA (tobacco transformed with RP005) were used as Cf-2 
positive controls to demonstrate the size shift expected due to amplification across the intron. The 
products from the transformants and pRPOOS were of a higher molecular weight relative to the Cf-2 
controls due to the epitope tag within the amplified region. Plant designations are aligned to relevant 
lanes and * indicates plants positive for expression of the transgene. M indicates molecular weight 
markers (Ikb ladder, Gibco BRL, Cheshire, UK) 
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Figure 4.8: L. esculentum CfO transformants express the RP005 transgene. 

Tomato transformants positive by PCR (T213) were tested for expression of the RP005 transgene by 
RT-PCR. Total RNA (2fig) was used as a cDNA template. 2fil of the 20^il reverse transcription (RT) 
reaction was used in each 20^1 PCR and 100 ng of gDNA or 5 ng of plasmid DNA were added to the 
control PCR tubes. The primers (RP2 and CF2R1) were chosen to amplify a region starting within 
the 3x c-Myc region and spanning an intron (A). CfO gDNA and cDNA were used as negative controls 
and pRPOOS as a positive control. Plants expressing the transgene should show a band with a 
molecular weight approximately 120bp smaller than the plasmid control. Primers MD8 and CF2R1 
were chosen (B) as a positive control for the RT reaction as these were predicted to amplify a region of 
CfO (as well as Cf-2) as they amplify the most conserved region of the gene. Plant designations are 
aligned to relevant lanes. M = Size marker (Ikb plus ladder, Invitrogen, Paisley, UK). 

Concurrent with the PCR and RT-PCR analysis the first five putative, Rp005/Cf0, 

transformants (T001-T005) were inoculated with C.fulvum race 4GUS. Initial qualitative 

results indicate that T001-T005 were all susceptible to some degree, though not the same 

degree as a completely susceptible (CfO) tomato (Figure 4.9). Unfortunately a completely 

resistant (Cf2) tomato was not inoculated as a control, previous inoculations revealed that 

no GUS staining is observed in such plants indicating the GUS staining observed on the 

putative transformants was due to breaking of resistance. In addition as only T002 carries 

the transgene all the others should be completely susceptible. Repeat inoculations were 

performed to allow quantitative analysis to be performed. This revealed that none of the 
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plants were as susceptible as a CfO tomato, but that T002 may be partially resistant (Figure 

4.10). 

Figure 4.9: L. esculentum RP005 transformants are susceptible to C. fulvum race 4 
GUS. 

Equivalent leaves were harvested from each plant 17 days post infection. GUS activity was assayed 
qualitatively by incubation with X-gluc. Leaf tissue was soaked in 70% (v/v) ethanol to remove 
chlorophyll. CfO is included as a completely susceptible control. 
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Figure 4.10: L. esculentum RP005 transformants are susceptible to C.fulvum race 4 
GUS. 

Equivalent leaves were harvested from each plant 17 days post infection and assayed for infection 
levels by GUS quantification. Three leaves were harvested and assayed for each plant, plants TOOl 
and T003 lack the transgene. Error bars indicate the standard error of the mean, in each case n = 3. 

The second group of putative, RPOOSICfO, primary transformants (T212-T218) 

were also inoculated with race AGUS. Tomato seedlings obtained from selfed primary 

transformants were inoculated and incubated for 15 days. Second generation (T^) plants 

were used simply due to timing. Inoculations were not performed during the shorter days 

of the winter period as light quality and day length affects inoculation efficiency. When 

conditions were good for inoculations the primary transformants had already set seed. 

One consideration to be made was that some of the plants would not carry the transgene; 

this was easily determined by PGR. During the incubation period it was discovered that 

only one plant (T213) expressed the transgene, so only this plant was analysed. Although 

no adequate controls are included, it is clear the plants are at least partially susceptible to 

C. fulvum race AGUS infection (Figure 4.11). Due to the lack of a susceptible control the 

level of infection is unclear. Comparisons to previous inoculation would suggest that 
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these are only partially susceptible, however, it is impossible to tell whether this is due to 

some level of resistance or a poor inoculation. To determine whether the susceptible 

plants carried the transgene PCR analysis was performed revealing 2 (B and C) carried the 

transgene (Figure 4.12). 

D 4 

Figure 4.11: Second generation T213 tomatoes are susceptible to C.fulvum race 
4GUS. 

Equivalent leaves were harvested from four T2 T213 tomatoes at 17 days post infection. GUS activity 
was assayed qualitatively by incubation with X-gluc. Leaf tissue was soaked in 70% (v/v) ethanol to 
remove chlorophyll. 
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Figure 4.12: T213 tomatoes susceptible to C.fulvum race 4GUS carry the transgene 
RP005. 

DNA was extracted from four Tj T213 tomatoes shown to be susceptible to C.fulvum race 4GUS. 
Presence of the transgene was assessed by the PGR using the primers RP2 and GF2R1. Plants B and 
C are both positive for the transgene. Plant designations are aligned to the appropriate lanes. CfO 
and pRPOOS DNA was used as negative and positive controls respectively. M indicates molecular size 
marker (Ikb plus ladder, Invitrogen, Paisley, UK). 

4.2.4 Transforming L esculentum with RP006. 

Previous attempts to over-express Cf-2 in L. esculentum CfO have been relatively 

unsuccessful, with only one resistant transfonnant out of 13 recovered. It was 

hypothesised that only plants with low levels of Cf-2 expression might be viable (Dixon 

unpublished). This observation is likely to be due to the auto-necrosis that results from 

the leaky signal generated by Rcr3^^ .̂ To avoid such auto-necrosis the construct pRP006 

was transformed into L. esculentum rcr3-3, an Rcr3 loss of function mutant (Dixon et ai, 

2000), as well as CfO. 

Ten shoots were produced from pRP006/Cf0 transformations, two of which rooted 

under kanamycin selection (TO 10 and TO 11). These plants were provisionally tested for 

expression of the transgene by RT-PCR (Figure 4.13). RT-PCR and subsequent 

sequencing of the putative transformants revealed that only TO 10 was positive for 

expression of the transgene. 
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Figure 4.13: One L. esculentum (CfO) transformant expresses the RP006 transgene. 

Putative tomato transforniants were tested for expression of the RP006 transgene by RT-PCR. Total 
RNA (4-5jig) was used as a cDNA template. The cDNA was cleaned and eluted in 30 îl. Cleaned 
cDNA (6 nl) was used in each 20 jil PGR and 50 ng of gDNA or 5 ng of plasmid DNA were added to 
the control PCRs. The primers (RP2 and CF2R1) were chosen to amplify a region starting within the 
3x c-Myc region and spanning an intron. CfO and Cf2 plants were used as negative controls. The 
Petit Gerard transformant T005 (+ve cDNA) and the plasmid pRPOOS were used as positive controls. 
Plants expressing the transgene should show a band with a molecular weight approximately 120bp 
smaller than the plasmid control. Plant designations are aligned to relevant lanes. M indicates 
molecular weight markers (Ikb ladder, Gibco BRL, Cheshire, UK). 

Of 15 shoots from the RP006/rcr3-3 transformations, fom' rooted under kanamycin 

selection and were designated T006-T009. As these plants carry a loss of function 

mutation in Rcr3, a protein absolutely required for Cf-2 mediated resistance, presence of a 

copy of Cf-2 cannot be detected by inoculation with C. fulvum. Also as the plants carry a 

copy of Cf-2 the previously described Southern blot protocol could not be used. The 

plants were provisionally tested by RT-PCR. To ensure that Cf-2 was not amplified 

primers were chosen to amplify from within the epitope tag. Of the four putative 

transform ants, three were positive for expression of the transgene (Figure 4.14). 

Sequencing of the RT-PCR products revealed products specific for the transgene. 
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Figure 4.14: L. esculentum transformants (rcr3-3) express the RP006 transgene. 

Putative tomato transformants were tested for expression of the RP006 transgene by RT-PCR. Total 
RNA (4-5(ig) was used as a cDNA template. The cDNA was cleaned and eluted in 30 (il. Cleaned 
cDNA (6 jil) was used in each 20 (il PCR and 50 ng of gDNA or 5 ng of plasmid DNA were added to 
the control PCRs. The primers (RP2 and CF2R1) were chosen to amplify a region starting within the 
3x c-Myc region and spanning an intron. CfO, Cf2 and rcr3-3 plants were used as negative controls 
and the plasmid pRPOOS as a positive. Plants expressing the transgene should show a band with a 
molecular weight approximately 120bp smaller than the plasmid control. Plant designations are 
aligned to relevant lanes. M indicates molecular weight marker (Ikb ladder, Gibco BRL, Cheshire, 
UK) 

To assess expression levels of the RP006 transgene in both a CfO and rcr3-3 

background northern analysis was performed (Figure 4.15 A). To test for equal loading of 

the samples the blot was stripped and re-incubated with the 18S probe described above 

(Figure 4.15 B). Two sets of RNA preparations were made from different cuttings of the 

same plant and assessed together for replication. Due to unequal loading, density readings 

of the signals obtained were made so relative expression levels could be calculated. It 

appears that expression levels in an rcr3-3 background are at least twice of that seen in a 

CfO background. This observation should be treated with caution as only one RP006/Cf0 

transform ant was recovered and analysed. 

An interesting observation is the two transcripts present only in the plants 

expressing the transgene; this second transcript can also be seen in the tobacco northern 

blot analyses (Figure 4.4). As no size markers were run with these samples it is 

impossible to know which of the two is the desired transcript. 
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Figure 4.15: L. esculentum CfO and rcr3-3 express the transgene RP006. 

lOfig of total RNA was separated on a 1.5% (w/v) denaturing gel and subjected to northern analysis. 
The blot was initially probed with 2.4kb Cf-2 probe A (Figure 4.1) (A). To confirm equal loading of 
samples the membrane was stripped and probed for 18S ribosomal RNA (B). CfO and rcr3-3 total 
RNA were loaded as negative controls for specificity of the probe and expression levels of native Cf-2 
respectively. Plant designations are aligned to relevant lanes and background genomes indicated. 
Both images represent a 4 hour exposure. 

Cuttings taken from the plant TO 10 were inoculated with race-4CiUS to test for the 

function of the transgene. Quantitative analysis revealed that the plant was indeed 

resistant to pathogen challenge indicating the transgene is functional (Figure 4.16). 
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Figure 4.16: The L. esculentum RP006 primary transformant TOlO is resistant to C. 
fulvum race-4GUS. 

Equivalent leaves were harvested from each plant 17 days post infection and assayed for infection 
levels by GUS quantification. Three leaves were harvested and assayed for each plant. Error bars 
indicate the standard deviation from the mean, in each case n = 3. 

To test for segregation of the transgene, seed obtained from the selfed primary 

transformants were sterihsed and grown on seed germination media supplemented with 

kanamycin (lOOmg/1). T009 did not set seed readily, producing only 4 seed. All lines 

(ecept T008) were shown to carry just one copy of the T-DNA (Table 4.4). To test for the 

function of the transgene in a CfO background and to verify the segregation analysis 

approximately 20 seed were sown in soil and inoculated with C. fulvum race-4GUS. 

Although the rcr3-3 lines are not expected to be resistant to pathogen challenge they were 

also inoculated and used as additional negative controls to assess the success of the 

inoculations. All plants were completely susceptible to the pathogen as revealed by GUS 

staining, suggesting the transgene in the TO 10 line is non-functional in the next generation 

(Figure 4.17). Four of the susceptible T2 TOlO plants were selected at random and DNA 

purified. PGR analysis revealed that the transgene was present in all four plants (Figure 
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4.18). Tlie primary transformant, TDK) appeared to be resistant to C. challenge. 

This could be due to either the failure of the inoculation on the primai-y tiansformant and 

hence tlie generation of a false positive or through gene silencing in the second generation. 

To test this Northern analysis was performed on the four To TO 10 plants and showed 

clearly strong expression of the epitope-tagged gene (Figure 4.19). 

Table 4.4: Segregation analysis of RP006 Z.. transformants. 

Self-seed of Ti traiisformants were plated on MS media with lOOjig/ml kanainycin selection. After 3 
weeks the seedlings were analysed and their segregation ratios calculated. Seedlings expressing at 
least copy of the transgene remained green (G) whilst those without a copy were stressed with purple 
colouration and stunted root growth (P). Significance level at P = 0.05 for a chi" value with one degree 
of freedom = 3.84 (significant values are shown in bold). 

chi" values were calculated as follows 

General formula: 

x:l chi" = fa-xb)" Where a > b and a + b = n 

xn 

* = Probably untransformed or protein not expressed. 

± = Two independent integrations 

segregation Goodness of fit clii^ 

Plant G : P 3:1 15:1 

T006 43:15 0.02 38.07 

T008$ 84:08 13.04 0.94 

T009 01:01 0.67 6.53 

TOlO 30:07 0.73 10.14 
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T006 TOOS 

TOlO 

Figure 4.17: c-Myc:Cf-2 using the 35S promoter is non-functional in the T2 
seedlings. 

Seed was collected from the selfed primary transformants and grown on media supplemented with 
kanamycin. Eight plants resistant to kanamycin were transferred to soil allowed to recover and 
inoculated with C.fulvum race 4GUS. Leaves were selected, infiltrated with X-gluc and incubated 
over night at 37^C. Leaves were de-stained in 70% (v/v) ethanol before being photographed. T006, 
TOOS and T009 are all in an rcr3-3 background and therefore included as completely susceptible 
controls. In addition CfO was included as a susceptible control and Cf2 as a completely resistant 
control. 
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Figure 4.18: T2 generation TOlO transformants susceptible to C.fulvum carry the 
transgene RP006. 

Genomic DNA was purified from four of the plants resistant to kanamycin but susceptible to C. 
fulvum race-4GUS. PGR analysis was chosen to test for presence of the transgene. Two primer 
combinations were used; universal reverse and 8891R2 (A), RP2 and CF2R1 (B). Primer combination 
A amplifies the promoter of the construct and combination B the epitope-tag insert. CfO gDNA was 
used as a negative control and pRPOOS and pRP006 as positive controls. There is little size difference 
between the native and 35S (pRPOOS and pRP006) promoters using primer combination A. PGR 
conditions used were an annealing temperature of 52'̂ C, an extension period of 1 minute 30 seconds, 
cycled 35 times. M indicates the molecular weight size markers (Gibco BRL Ikb marker, Gheshire, 
UK). 
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Figure 4.19: TOlO second generation (Ti) transformants, susceptible to C.fulvum 
race 4GUS express the transgene RP006. 

RNA was purified from four of the tomatoes, resistant to kanamycin but susceptible to C.fulvum race 
4G[/S, from the TOlO line of transformants. 10\ig of total RNA was separated on a 1.5% (w/v) 
denaturing gel and subjected to northern analysis. The blot was initially probed with 2.4kb Cf-2 
probe A (Figure 4.1) (A). To confirm equal loading of samples the membrane was stripped and 
probed for 18s ribosomal RNA (B). CfO was loaded as negative control for specificity of the probe. 
Plant designations are aligned to relevant lanes. Image A represents an overnight exposure at -80''G 
with an intensifying screen, image B represents a 45 minute exposure at room temperature without an 
intensifying screen. 
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Table 4.5 shows a summary of all transgenic plants obtained that were positive for 

the expression of one copy of the transgene, also detailed are the homozygous lines 

established tlirough the selling of these plants. 

Table 4.5: Summary of transgenic lines 

Listed are all transgenic plants generated that carry and express a single copy of the transgenes 
RP005 or RP006. Also included is the background genetics of each plant and plant designations where 
homozygous lines were established. N/E = not established 

The plants listed Transgene Background Homzygous Tz lines 

T004 N. Tabaccum N/E 

T002 TV. T105 

T005 W. T066, T069 

T029 N. T080, T087 

T030 TV. T088, T094 

T032 M 7a6accwfM T096, T099 

T041 N. To^acczim T146,T149,T150 

T042 Â . T i l l 

T060 T155,T158, T159 

T061 Â . N/E 

T063 T168 

T064 N/E 

T065 N. T177 

T002 L. esculentum/ QD M/E 

T005 L ĝ Cw/gTZÔ TM/CfO N/E 

T213 1. gĵ CW/gMfWfTi/CfO N/E 

TOlO L g^cw/gnZz^m/CfO N/E 

T006 L g^cwVgM0^m/rcr3-3 N/E 

T009 1. e'j^cwZ6'nmm/rcr3-3 N/E 
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4.3 D/scuss/on 

Differences were noted concerning the relative ease of transformation between 

tobacco and tomato and between the tomato backgrounds CfO and rcr3-3. Tomato 

transformations were always substantially less successful than tobacco, with the 

generation of fewer shoots and lower rooting efficiencies. This was due, in part, to the 

technical difficulty of the transformation protocol. Tomato explants were much smaller 

and more fragile than tobacco explants and therefore more tissue damage occurred. After 

approximately two weeks both tobacco and tomato explants became haider and therefore 

easier to handle and less prone to damage. The tomato protocol involved the additional 

co-cultivation period, which lead to more handling of the explants at an early stage and 

resulted in substantially more tissue damage. This tissue damage often led to death of the 

explants. Impoitant for the success of the tomato transformations were the tobacco 

suspension cultures used for a feeder layer. The maintenance of a healthy suspension 

culture was difficult and could have affected the tiansformation efficiency. 

Due to the low transformation rate many attempts of tomato transformations were 

performed with each construct. Still relatively few transformants were ever recovered. 

Only one 006/cf0 transformant was recovered, possibly due to the leaky signal 

generated by RcrS^"" resulting in necrosis, as observed by Kriiger gf a/. (2002). 1. 

CfO cells that were successfully transfomed with 006 would have become 

necrotic and hence shoots were not regenerated. Transient transfection of Â . 

with two strains o f c a r r y i n g either Avr2 or C/^2 did not result in necrosis, 

which was observed in an dependent manner in M and tomato (Jones gf 

a/., unpublished). This is believed to be due to Â . lacking a functional Rcr3, 

explaining the relative ease with which pRP006 was transformed into N. This is 

supported by the recovery of more 006 expressing transformants in an rcr3-3 

background than in a CfO background with fewer tranformation attempts. This should be 

treated with caution due to the low number of tiansformants recovered. 

When characterising the putative transformants, for the presence and functionality 

of the T-DNA, many controls were ommited. This could have resulted in false negatives. 

For example, where RT-PCR was used to assess expression of the transgene, positive 

controls testing for expression of constitutive genes (e.g. actin genes) aie lacking. 
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Therefore, it is possible thai some of the plants were labelled as negative for expression 

where, in fact, the problem could have been with the RNA sample being impure or 

degraded preventing amplification. The same is tine where PGR was used to assess the 

presence of the transgene. Many controls are also lacking for the pathogen challenge tests 

(inoculation with C. race 4G[/6'). In every case a completely susceptible (CfO) and 

resistant (Cf2) plants should also have been inoculated for comparisons. Where they have 

been included, it was always the case that no staining could be seen in the resistant 

contiols and a lot in the susceptible controls. Due to the lack of controls, caution should 

be taken when interpreting the results. In particular, comparisons of expression levels 

using the RT-PCR data presented cannot be treated as wholly quantitative. RNA 

concentrations were estimated, so the same amount of RNA was included in each reaction 

and every sample was tieated identically. However, due to lack of amplification controls 

it is not known if some samples amplified better than others, irrespective of true 

expression levels. 

Expression levels of the two constructs in tomato appeared to vary greatly; RT-

PCR on plants carrying the 006 transgene was easier and more consistent than those 

caiTying Although this RT-PCR was semi-quantitative, the same amount of 

starting mateiial (total RNA) was used with the same protocol in each case. This would 

suggest that expression levels in /(f 006 transformants is higher in than in OOJ 

transformants. Previous attempts to obtain tomatoes over-expressing C/^2 have been 

unsuccessful, with only one transformant, predicted to be a relatively low expresser, 

recovered (Dixon, unpublished data). Northern analysis of the 006 tomatoes both in a 

CfO and an rcr3-3 background indicated that it is possible to express to higher levels 

in an rcr3-3 background. This may provide some explaination for the limited success 

observed in the generation of CfO tomatoes over-expressing C/:2. However, this should 

be treated with caution, as comparison with only one CfO transformant may not be 

representative of reality. This is also based on the assumption that the transgenes are 

functional, something that was brought into question by the OOJ transformants and in 

the second generation TO 10 (/?f006) plants. 

Northern blot analysis of both the tomato and tobacco transformants carrying 

006 revealed a second transcript (Figures 4.4 and 4.15). As no size markers were 

present it is impossible to tell which of the two transcripts is that of the desired epitope-
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tagged Cf-2. However, as the second transcript is seen solely in the positive 

transfbrmants, it appears that the second transcript is most likely to be a truncated version 

of the full tr anscript. This second ti anscript is seen only once in each transformant, 

iiTespective of copy number, indicating it is unlikely to be as a result of a second truncated 

constiTict. There is no evidence of a second transcript in the lines carrying the OOJ 

constnict. These transformants were however assessed for expression by RT-PCR. As 

this only amplifies a small portion of the transgene, it is quite possible that a second 

tmncated transciipt is present, but that the deleted portion is in another part of the 

transgene. 

The primary transformant TO 10 appeared to be resistant to infection by C. yw/vwm 

race 4GC/6' indicating that the transgene was functional. This was supported by the 

observation of autonecrosis as an adult plant. However, inoculation of second generation 

plants (T213 line of transfoimants and the TO 10 line of transformants) 

revealed the plants to be susceptible to C. challenge. The infection level was not 

quantified due to the inconsistent nature of previous inoculations. The qualitative staining 

of the plants indicates that they were fully susceptible, although it is not possible to tell the 

difference between a completely susceptible plant and one with severe loss of resistance 

function. These data reveal that insertion of the epitope-tag at the C-terminus of Cf-2 

affects its fimction. In support of these data, Piedras gf a/. (2000) found that plants with 

the 3x c-Myc inserted in the G domain of Cf-9 showed a greater reduction in resistance 

compared to transformants with the same tag in the B domain (near the N- terminus). It is 

possible that insertion of the epitope-tag into the cytoplasmic tail of Cf-2 prevents it from 

interacting with additional, possibly signalling, proteins. This could be due to changes in 

the physical propeities of the cytoplasmic tail, brought about by the insertion of the highly 

charged acidic c-Myc epitope-tag into the basic part of the Cf-2 protein. This would also 

explain why inseition of the c-Myc epitope-tag into the G domain of Cf-9 saw a greater 

reduction in function relative to the B domain tagged version (Piedras gf a/., 2000). 

Thomas et al. (1995) demonstrated that the Cy-9 membrane anchor (domains E ,F and G) 

is absolutely required for induction of HR, when they transiently expressed a truncated 

version of the protein in tobacco. To investigate the importance of the dilysine motif. 

Van der Hoom gf a/. (2001a) produced mutated Cf-9 proteins (the dilysine motif KKRY 
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was changed to AARY). ThismotifisattheC-terminusofCf-9. There was no 

signiRcant difference observed between the mutant and wild type peptide in the 

recognition of Avr9. It was noted that the ER retrieval-retention signal could be 

weakened, in yeast, by phenlyalanine (F) or tyrosine (Y) residues at the C-terminus. As 

the Cf-9 motif is KKRY the mutated peptide KKAA was tested, again there was no 

significant difference between the ability of the wild type and mutant peptide to recognise 

Avr9. Thus it appears that this motif (KKRY) is not essential for Cf-9 function. These 

Cf-9 constmcts used the relatively sti ong CaMV 35 S promoter, with a high inoculum of 

Avr9. It is possible that with native Cf-9 expression levels and elicitor levels equivalent to 

that upon infection, differences may have been observed with function of the mutated 

proteins. Insertion of epitope-tags into different positions of the Cf-9 cytoplasmic tail also 

does not abolish Cf-9 mediated resistance (Piedras (f/., 2000. Jones, unpublished data). 

To establish the importance of the membrane anchor, a truncated Cf-9 protein was 

produced with the transmembrane domain and the G domain deleted. This peptide was 

non-functional in Avi^ recognition, indicating that the presence of the cytoplasmic tail is 

essential for function (Van der Hoom <7/. 2001a). Seear and Dixon (2003) identified a 

Cf-5 mutant, where a truncated Cf-5 protein lacking the membrane anchor resulted. The 

protein was non-functional, further demonstrating the importance of the membrane 

anchor, probably as it is responsible for sub-cellular localisation and orientation in the 

membrane. The data available for Cf-9 would suggest that although the membrane anchor 

is essential for function, the sequence of the cytoplasmic tail of the anchor is not so 

impoitant. 

The 3x c-Myc epitope-tag was inserted between the ultimate and penultimate 

amino acids of Cf-2 in both constructs. To test if the epitope-tag affects function, tomato 

transformants (with a CfO background) were tested for resistance to C. challenge. 

Initial qualitative analysis, staining for GUS activity in T002 challenged with C. jM/vwrn 

race 4G[/,^, suggested that the plant was partially resistant. These inoculation experiments 

were conducted on the first generation tiansformants, plants that were heterozygous for 

the transgene and hence carrying just one copy of ( ^ 2 . Hammond-Kosack and Jones 

(1993) showed that the Cy genes aie incomplete in their dominance. Tomato plants 

homozygous for a ( y gene were more effective in containing infections and responded to a 

two-fold lower concentration of race-specific elicitor than heterozygotes (Hammond-
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Kosack and Jones, 1993). ( ^ 2 in the heterozygous state is weaker in function than when 

in the homozygous state. Fungal hyphae were observed to progress up to twice the 

distance from their point of enti y in the ( ^ 2 heterozygote plants (up to two mesophyll cell 

lengths from the substomatal cavity) compared to the homozygote plants (less than one 

mesophyll cell lengths from the substomatal cavity). This was due to the delay in the 

onset of the responses, the ultimate resistant phenotypes were however similai' for both 

homo- and heterozygotes (Hammond-Kosack and Jones, 1993). However, no signiGcant 

difference in MUG activity was observed between Cy:2 heterozygotes and homozygotes. 

It is important to remember that Cy-2 homozygotes carry four functional copies of Q-2 

and heterozygotes two functional copies, whilst first generation transformants carry only 

one. This may go some way to explain why the first generation T002 plants appeal' to be 

only slightly susceptible, although this seems unlikely as susceptibility was analysed by 

MUG activity. Although the quantitative analysis indicated that T002 was not as 

completely susceptible as a CfO tomato, it was generally no more or less susceptible than 

the other putative transformants (T001,3,4and5) despite the latter being shown to lack the 

transgene. This was likely to be due to poor inoculations of the plant cuttings. Cuttings 

were rooted for two weeks in a mister, during this time the leaves became very hairy. The 

hairs caused air bubbles to be trapped around the leaves when they were immersed in a 

spore suspension. This appears to reduce the infectivity of C. (Seeai\ unpublished 

data). 

It was quite late in this research before the lack of significant resistance was fully 

apparent by which time much of the other data in this thesis had been obtained. The 

significance of these data will be discussed more fully in the general discussion. 

The plants identified as expressing the transgenes will be used for subcellular 

localisation and post-translational modification studies (Chapter 5). 
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Chapter five 

5 Biochemical analysis of c-IVIyc:CF-2 

5 . ) / n f r o d u c f / o n 

The Cy genes are predicted to encode plasma membrane (PM) bound, 

predominantly extra-cytoplasmic glycoproteins. Piedras gf oA (2000), using a tiiple (3x) 

c-Myc epitope-tagged version of Cf-9, demonstiated it has a plasma membrane (PM) 

localisation, despite the presence of the endoplasmic reticulum (ER) retrieval-retention 

signal. Van der Hoom gf oV. (2001a) mutated the ER retrieval, di-lysine, motif to reveal 

that it does not affect Cf-9 function nor localisation. Cf-2 does not carry the di-lysine 

repeat and like Cf-9 is predicted to be plasma membrane bound. In order to investigate 

this and its glycosylation status, an epitope-tagged version of Cf-2 has been engineered 

and stably transfomed into both tobacco (Mcof/afio m^ocwrn) and tomato (Ivmpgr^/con 

g^rcwWmm). The epitope-tag chosen, due to availability, is the 3x c-Myc epitope. 

The c-Myc epitope has been successfully employed in both animals and plants; 

Pang gf a/. (1999) demonstrated a plasma membrane localization of the human secretin 

receptor (SR). Secretin is a 27 amino acid peptide hormone that regulates pancreatic 

water, bicarbonate, enzymes and potassium ion secretion. This was revealed using a c-

Myc epitope tagged version of the protein and confocal microscopy. 

De Witt and Sussman (1995) engineered a c-Myc epitope-tagged version of the 

proton pump AHAj and expressed it m pZa/zm. AHA3 was shown to be 

membrane bound by immunoblotting of microsomal membranes. Using both 

immunofluorescence and immunogold labeling with electron microscopy, the proton 

pump was shown to localize specifically to the PM of phloem companion cells. This 

demonstrated that it is possible to speciRcally label proteins encoded by individual genes 

of a gene family in differentiated cell types of higher plants (De Witt and Sussman, 1995). 

The majority of extracellulai" and endomembrane bound plant proteins are 

glycosylated by N-linked oligosaccharides (Rayon gf o/., 1998). Cf-2 carries 31 potential 

N-linked glycosylation sites and the second aim of this project was to determine the actual 
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level of glycosylation. The addition of carbohydrates to proteins sei-ves many purposes, 

including; protecting the protein from degradation, targeting of the protein to the correct 

membrane and to aid correct folding of the protein (Helenius and Aebi, 2001). Pang cf a/. 

(1999) showed that mutations in the human secretin receptor at either amino acid 72 or 74 

that resulted in the loss of a glycosylation site and hence the addition of a carbohydrate 

group, resulted in a reduction in secretin binding activity. This uggested that the addition 

of carbohydrate groups to a protein, in particular receptors, may affect their binding 

activity and perhaps speciAcity of that protein. It may be possible that the carbohydrate 

groups found on the Cf proteins play a role in determining their recognition speciRcity. 

Both Pang cf a/. (1999) and De Witt and Sussman (1995) used microscopy to study 

the localization of their target proteins, an alternative would be to employ a fractionation 

method, i.e to separate the cell into its components. Pang a/. (1999) isolated total 

membranes (microsomal membranes) and used immunoblotting to conRrm that the protein 

was membrane bound. This method can be extended and the membranes further 

separated. Due to the available equipment and expertise, it was decided to employ a cell 

fractionation technique to study the subcellular localization of Cf-2. The method used was 

two-phase aqueous partitioning and was adapted from Yoshida gf (1983). Unlike 

density gradients, which separate membranes according to their size and density, two-

phase aqueous partitioning separates membranes, using a two-polymer system, according 

to their smface properties. This is an extremely efficient method with a single partition 

yielding plasma membranes with greater than 85% purity, usually three partitions are 

formed resulting in over 90% purity (Yoshida a/., 1983). 

To ascertain the glycosylation status of Cf-2, the protein was treated with the 

endoglycosidase (PNGaseF). PNGaseF cleaves the bond between the asparagine residue 

of the protein and the W-acetlyglucosamine residue that links the carbohydrate to the 

protein (Figure 5.1). This liberates almost all oligosaccharides from glycoproteins. A 

shift in the mobility of the protein would be observed with PNGaseF treatment if the 

protein carries N-linked carbohydrate groups. 
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Figure 5.1: PNGaseF cleaves the bond between the asparagines of the protein and the 

A -ace t> I gl ucosanii ne of the carbohydrate. 

The enzyme PNGaseF liberates most oligosaccharides from glycoproteins. The arrow indicates the 

bond broken by the glycoaniidase, PNGase F. The bond broken is that between asparagines of the 

protein and the A'-acetylglucosamine responsible for linking the carbohydrate to the protein. 

5 . 2 R e s u / f s 

The first step towards determining the sub-cellular localisation of Cf-2 was to 

determine if it is membrane bound or cytosolic, by the separation of microsomal 

membranes from the cytosol. Two-ph&se aqueous partitioning was employed to produce a 

fraction enriched with plasma membrane vesicles to determine whether or not Cf-2 is 

plasma membrane bound. To investigate the level of glycosylation, microsomal 

membranes were incubated with glycoamidases. 

5.2.1 Localisation of c-Myc:Cf-2 

A homozygous line from the primary transformant designated T042 (Petit Gerard 

tobacco expressing the transgene 006, Chapter 4) was used to establish the sub-cellular 

localisation of Cf-2. The first stage of this was to confirm that c-Myc:Cf-2 is indeed 

membrane bound. Crude membrane preparations (microsomal membranes) were isolated 

from an untransformed Petit Gerard plant and the Petit Gerard line expressing /(f 006 
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(described above). In addition to this the cytosolic fraction from the pRP006 line was 

kept. Several problems were encountered when preparing microsomal fractions with 

protease activity observed. This was overcome by the use of a cocktail of protease 

inhibitors and by peiforming the homogenisation and filtering stages in a cold room at 

1°C. Protein concentrations of each preparation were determined by a Bradford aasay and 

an equal amount of each sample separated by SDS PAGE. This was subjected to western 

blot analysis, probed with a 1 in 750 dilution of anti-Myc polyclonal antibodies and 

detected by chemiluminescence. The analysis revealed that c-Myc:Cf-2 is found in the 

membrane and not soluble fraction of tobacco and that there are no cross-reactive bands in 

the untransfoiTned negative control (Figure 5.2). Microsomal membrane and cytosolic 

preparations were also made from a cutting taken from the primary tomato transfoimant 

TO 10. Protein concentrations were determined by Bradford assays and the proteins 

subsequently separated by SDS-PAGE. Presence of c-Myc:Cf-2 was determined by 

western blot analysis (as above) and revealed that c-Myc:Cf-2 is membrane bound in 

tomato as in tobacco (Figure 5.3). Five times more total protein was loaded for the tomato 

prepaiations compared to the tobacco c-Myc:Cf-9 control. Despite this, a stronger signal 

was obtained from the tobacco sample. Figure 5.2 shows that c-Myc:Cf-2 and c-Myc:Cf-9 

are over expressed in tobacco to a similar degree. Suggesting that expression levels of 

in CfO tomatoes appears to be much lower in comparison to tobacco, however this 

is only one sample and may be due to positional effects. 
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Figure 5.2: c-Myc: Cf-2 is found in the tobacco microsomal fraction. 

40fig total protein has been loaded in each lane, separated on a 7.5% (w/v) polyacrylamide gel and 
subjected to western blot analysis. The membrane was incubated with a 1 in 750 dilution of 
polyclonal anti-c-Myc antibodies. PG indicates microsomes obtained from an untransformed Petit 
Gerard tobacco. c-Myc: Cf-2 M indicates the microsomal membranes purified from a pRP006 
transformed Petit Gerard tobacco, c-Myc: Cf-2 S indicates the soluble (cytosolic) fraction obtained 
from the same plant. c-Myc: Cf-9 M indicates microsomal membranes obtained from a c-Myc Cf-9 
tobacco (Piedras et al., 2000) as a positive control. M indicates a molecular weight size marker 
(Kaleidoscope markers, BioRad, Heme! Hempstead, UK). 
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Figure 5. 3: c-Myc: Cf-2 is found in the tomato microsomal fraction. 

100|Lig total c-Myc Cf-2 protein and 20^ig total c-Myc: Cf-9 protein was loaded. C-Myc: Cf-9M 
indicates microsomal membranes purified from from a c-Myc Cf-9 tobacco (Piedras etal., 2000). CfO 
M indicates microsomal membranes obtained from an untransformed tomato. C-myc: Cf-2 M and S 
indicate microsomal and soluble fractions respectively, isolated from a tomato (TOlO) expressing the 
gene RP006 in a CfO background. Membranes were incubated with a 1 in 400 dilution of anti-c-Myc 
antibodies. M indicates a molecular weight size marker (kaleidoscope markers, BioRad, Hemel 
Hempstead, UK). 
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Two-phase aqueous partitioning was used to isolate an enriched fraction of plasma 

membranes. Two fractions were obtained upper 3 (U3, plasma membrane enriched) and 

lower 3 (L3). Equal amounts of U3, L3 and microsomal membranes were separated by 

SDS PAGE and subjected to western blot analysis. As a trial U3. L3 and microsomes were 

obtained from a 35S c-Myc; Cf-9 line (Piedras et ah, 2000). 20^g of total protein was 

used for each of the three preparations, which revealed that c-Myc: Cf-9 enriches with the 

plasma membrane phase (U3) (Figure 5.4). These data were identical to that obtained by 

Piedras et at. (2000) and indicated the success of the procedure. 

Figure 5.4: c-Myc: Cf-9 enriches with the tobacco plasma membrane fraction. 

20ng total protein was loaded for plasma membrane fraction (U3), lower fraction (L3) and microsomal 
fraction (Mic) obtained from Petit Gerard expressing RP006. Samples were separated on a 7.5% 
(w/v) polyacrylmide gel. Western blots were performed and membranes incubated with a 1 in 750 
dilution of polyclonal anti-c-Myc antibodies. 

Plasma membrane enriched preparations were isolated from the homozygous T042 

tobacco line (Chapter 4) and subjected to western blot analysis. This revealed that c-

Myc:Cf-2 enriches with the U3 phase (Figure 5.5 A). To determine the purity of the 

fractions the western blot was set up in triplicate and probed with antibodies raised against 

a plasma membrane aquaporin (PAQ) (Oshima et ciL, 2001), and an ER marker. Binding 

protein (BiP) (donated by Prof. M. Chrispeels) (Figure 5.5 B & C respectively). In 

addition a cytochrome C oxidase assay was performed, as this enzyme is a marker for 

mitochondrial membranes. The western blots revealed that the U3 phase was highly 

enriched for the plasma membrane while the L3 phase contained very little plasma 

membrane (Table 5.1). However the enrichment of plasma membrane in the U3 was 

greater than the enrichment of c-Myc:Cf-2 in the same phase. Both U3 and L3 phases 

contained an equivalent amount of ER membranes and virtually no mitochondrial 

membranes (although relative amounts of mitochondria is much higher in the upper and 

lower phases relative to the microsome, absolute enzyme activities were extremely low 
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(Table 5.1). This suggests that the majority of the c-Myc:Cf-2 enriches with the plasma 

membrane and is therefore PM bound. 

cn 
P h-l 

20JkDa^ A) anti-Myc 

anti-PAQ 

C) anti-Bip 

Figure 5.5: c-Myc:Cf-2 enriches with the tobacco plasma membrane. 

lOjig total protein was loaded for plasma membrane fraction (U3), lower fraction (L,) and microsomal 
fraction (Mic). Samples were separated on 7.5% (w/v) polyacrylamide gels and set up in triplicate. 
Western blots were performed and membranes probed with, A) 1 in 750 dilution of polyclonal anti-
Myc antibodies, B) 1 in 4000 dilution of anti-PAQ antibodies a plasma membrane marker and C) 1 in 
1000 dilution of anti-Bip antibodies, an ER marker. M indicates a molecular weight size marker 
(Kaleidoscope markers, Roche, Lewes, UK). 

Table 5.1: c-Myc: Cf-2 enriches with the plasma membrane. 

All values were normalised to the microsomal fraction. ER, PM and c-Myc:Cf-2 values were 
calculated as density readings from western blots using AlphaEase^w version 3.3b (Alpha Innotech, 
supplied by GRI, Braintree, UK). Anti-Bip, anti-PAQ and anti-Myc antibodies were used as markers 
of ER, PM and c-Myc: Cf-2 respectively. Cytochrome C oxidase assay was usedas a marker for 
mitochondria. 

Phase c-Myc: Cf-2 PM ER Mitochondria 

Us 1.76 1.51 1.67 2.35 

L3 0.57 0.27 1.57 7.41 
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This experiment was repeated using a homozygous line established from the 

primary transformant T065 (Petit Gerard tobacco expressing the transgene RP006, 

Chapter 4). Northern analysis indicates that expression levels of c-Myc:Cf-2 in this line is 

higher than that of the T042 homozygous line. As before c-Myc:Cf-2 was shown to 

enrich with the plasma membrane (Figure 5.6). In addition to the c-Myc:Cf-2 band, many 

more lower molecular weight bands were observed. These are likely to be breakdown 

products and so were included in calculations of relative protein concentrations. 

Separation of the plasma membrane from the lower fraction was shown to be even more 

successful, despite this c-Myc;Cf-2 was still found in the lower fraction and to a greater 

extent than observed for the T042 line (Figure 5.6 and Table 5.2). This indicates that as 

expression levels increase, so does the proportion of protein found in the ER, suggesting, a 

saturation of the secretory mechanisms in the cells. 

M 
A) Anti-Myc 

B) Anti-PAQ 

C) Anti-Bip 

Figure 5.6: c-Myc: Cf-2 enriches with the tobacco plasma membrane. 

lOjiig total protein was loaded for plasma membrane fraction (U3) and lower fraction (L3). Samples 
were separated on 7.5% (w/v) polyacrylamide gels and set up in triplicate. Western blots were 
performed and membranes probed with, A) 1 in 750 dilution of polyclonal anti-Myc antibodies, B) 1 
in 4000 dilution of anti-PAQ antibodies a plasma membrane marker and C) 1 in 1000 dilution of anti-
Bip antibodies, an ER marker. 
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Table 5.2: c-Myc: Cf-2 enriches with the plasma membrane. 

The values f o r the lower phase (Lj) were set to 1. Values for the u p p e r phase (U3) a r e expressed 
relat ive to the lower phase . E R , P M a n d c-Myc: Cf-2 values were ca lcu la ted as density readings f r o m 
western blots using AlphaEase ' ^ ' version 3.3b (Alpha Innotech c o r p e r a t i o n ) . Anti-Bip, an t i -PAQ a n d 
an t i -Myc ant ibodies were used as m a r k e r s of E R , P M and c-Myc: C f - 2 respectively. 

Phase c-Myc: Cf-2 PM ER 

Us 3.38 15.17 1.03 

L3 1.0 1.0 1.0 

5.2.2 Post-translational modification of Cf-2 

The sequence of Cf-2 predicts 31 N-linked glycosylation sites. To test the 

glycosylation state of Cf-2, microsomes obtained from the T042 homozygous line were 

treated with an endoglycosidase (PNGaseF). 

Microsomes were first solubilised in a non-denaturing detergent and incubated 

with the enzyme for up to 1 hour. A pilot run indicated that the reaction had run to 

completion by this time. To gain adequate separation to detect any change in mobility due 

to the removal of carbohydrate groups, the SDS polyacrylamide gel was run so that all 

proteins smaller than 70kDa had been run off the bottom of the gel. Western blot analysis 

of the PNGaseF treated microsomes showed a considerable change in protein mass (Figure 

5.7) confirming the presence of many N-linked carbohydrate groups. This too was 

confirmed in tomato with microsomes from TO 10 being treated in the same manner 

(Figure 5.8). Due to lack of suitable size markers, only rough estimations of the 

magnitude of the change in mass can be made. The change is approximately 20-30kDa, 

which is approximately equivalent to 10 carbohydrate groups, suggesting one third of the 

potential sites are glycosylated. 
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Figure 5.7: c-Myc: Cf-2 expressed in tobacco is glycosylated. 

240fil (approximately 1.3mg total protein) of c-Myc: Cf-2 microsomes were solubilised with IGEPAL 
CA-630. The solubilised proteins were incubated with PNGase F and aliquots removed at the times 
indicated and separated on a denaturing 7.5% (w/v) polyacrylamide gel. Western blots were 
performed and membranes incubated with a 1 in 750 dilution of polyclonal anti-c-Myc primary 
antibodies. M indicates a molecular weight size marker (Kaleidoscope markers, BioRad, Hemel 
Hempstead, UK), c-Myc:Cf-9 microsomes were not treated with PNGase F and were included as a 
molecular weight reference. 
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Figure 5.8: c-Myc: Cf-2 expressed in tomato is glycosylated. 

240jil (approximately 2nig total protein) of tomato c-Myc: Cf-2 (TO 10) microsomes were solubilsed 
with IGEPAL CA-630. The solubilised proteins were incubated with PNGase F and aliquots removed 
at the times indicated and separated on a denaturing 7.5% (w/v) polyacrylamide gel. Western blots 
were performed and membranes incubated with a 1 in 400 dilution of polyclonal anti-c-Myc primary 
antibodies. M indicates a molecular weight size marker (Kaleidoscope markers, BioRad, Hemel 
Hempstead, UK), c-Myc: Cf-9 microsomes were not treated with PNGase F and included as a 
molecular weight reference. 

In tobacco, c-Myc :Cf-2 enriches with the plasma membrane, it is predicted that the 

same is true for tomato. To test this a second endoglycosidase was employed. Endo Hf is 

an endoglycosidase that is unable to cleave N-linked carbohydrate groups from proteins 

that have passed through and left the ER. Therefore if the tomato c-Myc;Cf-2 is 
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insensitive to tliis enzyme it would indicate that it has passed through the ER to the plasma 

membrane. Microsomes obtained from the tomato TO 10 were solubilsed and denatured in 

Ix denaturation buffer (New England Biolabs, Hitchin, UK), omitting the initial 

solubilisation step employed with the PNGaseF assay. Microsomes were treated with 

Endo Hf for periods of up to 90 minutes, and resulting proteins separated by SDS-PAGE. 

Western blots revealed that the c-Myc:Cf-2 was sensitive to the endoglycosidase treatment 

(Figure 5.9). This was not expected if the protein is to be found in the plasma membrane. 

It was predicted that only a small portion of the protein should be sensitive to Endo Hf as 

the localisation study revealed that c-Myc:Cf-2 could be detected in the ER. The 

reduction in size by Endo Hf treatment was not as large as seen with PNGase E treatment. 

On closer inspection a second, less intense, band was detected of approximately 120kDa, 

the predicted size of Cf-2 lacking any post-translational modifications. It is possible that 

this was the portion of Cf-2, detected in the ER. However, it was possible that the 120kDa 

was a breakdown product rather than the completely de-glycosylated protein. To test this 

it was decided to translate c-Myc:Cf-2 in vitro using a system without glycosylation 

machinery. The system chosen was the rabbit reticulocyte lysate system. 

9 I I I 
c ijn o Iz; 

o i n T— a-\ A 

175KDa ^ 

121KDa , 
F ' 

Figure 5.9: Cf-2::3x c-Myc is sensitive to the endoglycosidase EndoHf. 

Approximately Img total protein of microsomal membranes obtained from the tomato TOlO were 
solubilised and denatured in Ix denaturing buffer (New England Biolabs, Hitchin, UK). Debris was 
pelleted at full speed in a microcentrifuge and the supernatant treated with 1000 U of EndoHf. Length 
of treatment is aligned to relevant lanes. The proteins were separated on a denaturing 7.5% (w/v) 
polyacrylamide gel. Western blots were performed and membranes incubated with a 1 in 750 dilution 
of polyclonal anti-c-Myc primary antibodies. An aliquot (approximately 120ng) was treated with 
PNGase F as a positive control and one not treated at all as a negative control. Arrows indicate 
approxmate sizes as determined by alignment with size markers (Kaleidoscope markers, BioRad, 
Hemel Hempstead, UK) on the membrane. 
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The first step towards m Wfro tianslation was to clone the open reading frame 

(ORF) of c-Myc. into a suitable vector to enable transcription of the gene. The vector 

chosen was pGem3Zf+, as this allowed the use of the viral SP6 promoter. In the constmct 

pRP006, a C/al restriction site has been introduced at the vei-y stall of the ORF. This 

restriction site along with the BamHI restnction site at the opposite end of the ORF were 

utilised to enable cloning of the coding region. A complete Ba/MHI restriction digest was 

peiformed, the DNA ethanol salt precipitated before the C/al restriction digest was 

peiformed. A second C/oI site is present within the region that was to be cloned. To 

circumvent this problem a partial digest was performed. DNA fragments were separated 

by electrophoresis and the 4.3kb desired fragment was cut from the gel and purified using 

the Wizard kit (Promega, Sputhampton, UK). An additional C/al site was present in the 

RP006 vector approximately 4.3kb upstream of the second C/al site. Therefore this C/oI 

to C M vector fragment would co-migrate with the desired BomHI (^-2 fragment. 

This was not a problem as the vector, pGem3Zf+, was digested to completion with AccI 

(which results in an overhang compatible with CZal) and BamHI and hence selecting for 

the desired fragment. 

The ligation reaction products were used to transform E.coZ/ DH5a using the 

calcium chloride method. Using blue/white selection approximately 30 putative positive 

colonies were identified. Plasmid DNA was prepared from 12 colonies and screened by 

restiiction digest. Putative positives were fuither screened, by DNA sequencing of the 

insert ends. One clone was identiRed as being correct and designated pRP007. Due to the 

repetitive nature of the 6^2 insert it is possible deletions have occurred, to ensure the 

complete desired fragment is present test restriction digests were performed. The 

restriction digests revealed that pRPOO? is indeed the desired clone and was used for m 

vmo transcription and translation. 

The peptides produced by m v/fro transection and subsequent translation were 

separated by SDS-PAGE and revealed the un-modifled protein to be approximately 

120KDa in size, as predicted by the DNA sequence (Figure 5.10). Many additional 

peptides of decreasing sizes were also produced; it was assumed these are either 

breakdown products produced by protease activity, or due to premature termination of 

transcription/ translation. 
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Figure 5.10: In vitro translation reveals the size of unglycosylated c-Myc Cf-2 to be 
approximately 120KDa. 

Various amounts (as indicated by lane designations) of plasmid DNA (pRP007) was transcribed, 
purified and eluted in SOpl of RNase free water. 2(11 of the transcription reaction was used in the 
translation reaction, the polypeptides produced were separated by SDS-PAGE using a 7.5% (w/v) 
polyacrylamide gel. After drying the gel was exposed to X-ray Him, many products were produced 
that were specific to the construct pRPOOT. A no RNA control was also performed (designated, -ve 
control). M indicates where protein standards were loaded and used for alignment of the film and gel 
(Kaleidoscope markers, BioRad, Hemel Hempstead, UK and long range markers, Roche, Lewes, UK). 

Further analysis of the glycosylation status of Cf-2 was performed by treating 

fractionated membranes, U3 (plasma membranes) and L3 from the tobacco T042 line, with 

PNGaseF and Endo Hf (Figure 5.11). Membranes were treated with the two enzymes for 

10 minutes as previous experiments revealed the reaction to be complete by this time. 

Both PNGaseF and Endo Hf treatments gave very similar results, where two products were 

observed, one at approximately 175Kda (similar to Figures 5.7 and 5.8) and a smaller 

band at approximately 120KDa. Neither band was observable in the untreated samples. 
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Figure 5.11: c-Myc:Cf-2 is highly glycosylated. 

Upper (U3) and lower (L3) fractions, from the homozygous tobacco line T042, were treated with the 
endoglycosidases PNGaseF and Endo Hf for 10 minutes. Samples were loaded in 5fig (U3) and 10 fig 
(L3) alloquots. M indicates the protein size standards (Kaleidoscope markers, BioRad, Hemel 
Hempstead, UK). 

5.3 Discussion 

Initial analysis, the separation of membranes from the cytosol, confirmed that, 

consistent with the protein sequence of Cf-2, c-Myc:Cf-2 is membrane bound. Unlike Cf-

9, Cf-2 does not carry the dilysine ER retrieval motif, suggesting a plasma membrane 

localisation. Further separation of the membranes, in particular the enrichment of the 

plasma membrane, revealed a likely plasma membrane localisation for Cf-2. This is 

consistent with the findings of Piedras et al. (2000) who demonstrated a plasma membrane 

localisation for Cf-9. 

Some c-Myc:Cf-2 protein was detected in the lower fraction isolated from the 

T042 tobacco line during two-phase aqueous partitioning. Western blot analysis showed 

that little or no plasma membrane was in the lower fraction and certainly not enough to 

explain the observed levels of c-Myc:Cf-2. Therefore, it is proposed that a small 

proportion of c-Myc;Cf-2 detected is in other membranes e.g. the endoplasmic reticulum 

(ER). The plants analysed, express the c-Myc:Cf-2 protein at very high levels as the T-

DNA uses the relatively strong CaMV 35S promoter. The high level of protein expression 

is likely to saturate the secretory machinery of the plant cell and result in a protein 

'backlog' in the ER. If over-expression of a protein results in a backlog in the ER, it 

follows that the higher the level of expression, the greater the amount will be found in the 

ER. Indeed, in the tobacco line T065, which expresses the T-DNA to higher levels than 

the T042 line, as demonstrated by northern analysis, a greater proportion of the c-Myc;Cf-
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2 protein was found in the lower fraction (ER). A PM localisation also seems likely in 

tomato, as tobacco is considered a suitable model for tomato. However, tieatment with 

endoglycosidases could not confirm this. Microsomes prepaied from the tomato line TO 10 

(RP006/Cf0) were treated with two endoglycosidases (PNGaseF and Endo Hf). PNGaseF 

should cleave all N-linked carbohydrates from the protein. Endo Hf cannot cleave N-

linked carbohydrates from proteins that have passed through the Golgi (and hence ER), for 

example proteins that aie plasma membrane bound. Results of the treatment of the tomato 

microsomes with the two endoglycosidases were a little confusing with both enzymes 

cleaving carbohydrate groups from the transgenic protein. Proteins become insensitive to 

Endo Hf after the removal of mannose sugars in the Golgi apparatus. Plant 

oligosaccharide groups have a high mamiose content relative to animals, which may go 

someway to explain the unexpected results (Rayon gr a/., 1998). In mammals, the ER-

mannosidase I is responsible for specifically removing mannose residues in the Golgi, no 

such enzyme has been detected in plants, although processed oligosaccharides are found 

(Rayon gf a/., 1998). This additional potential difference between mammal and plant 

oligosaccharides may explain why enzymes, designed to work primarily in animal 

systems, do not behave in the predicted manner in plants. 

Treatment of Cf-9 with PNGaseF revealed that, as predicted, it is highly 

glycosylated with carbohydrate groups totalling 55KDa (Piedras gf a/., 2000). Without 

knowing the size of each carbohydrate group it is difficult to be certain of how many of 

the 22 potential sites are glycosylated. The c-Myc:Cf-2 protein when analysed by SDS-

PAGE was shown to be approximately 200KDa, about 80KDa larger than the predicted 

size for the unglycosylated protein. Treatment of tobacco and tomato microsomes with 

the endoglycosidase PNGaseF resulted in a protein approximately 20-30KDa smaller than 

the glycosylated protein. This protein is substantially larger than the sequence predicts. 

This could be due to the enzyme not working to completion, the presence of additional 

carbohydrates groups that could not be cleaved by the enzyme, or that the Cf-2 protein 

does not co-migrate through the polyacrylamide gel with other proteins of a similar 

molecular weight. The Cf proteins are predicted to be extended coil-like structures rather 

than the typical globular type proteins, therefore it is feasible that they migrate at a 

different rate to the globular weight standards, even in SDS denaturing conditions. 

Treatment of tomato microsomes with Endo Hf, revealed a small portion of protein that 

migrated with a maiker protein of 120KDa. It is possible that this was an artefact, or a 
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breakdown product of the tagged protein, such breakdown products were observed in 

some preparations. To test this m vffro tianscnption and translation of the ORF of c-

C/^2 was performed using the rabbit reticulocyte lysate system. This system was 

chosen as it lacks glycosylation machinery and therefore would reveal the true size of c-

Myc:Cf-2. A large number of peptides were produced; these were speciAc to the 007 

gene and revealed that the likely size of the protein to be approximately i20KDa. The 

smaller peptides most likely arose due to protease activity and premature temiination of 

transcription and/or translation. It is possible that coiTect folding of the protein did not 

occur and due to this, although being the same protein as seen after PNGaseF treatment of 

microsomes, migrates faster through the polyacrylamide gel. 

To test this further the lower and upper phases from the T042 homozygous line 

were tested with PNGaseF and Endo Hf. Treatment of each fraction with each of the 

endoglycosidases resulted in the same pattern of de-glycosylated proteins. PNGaseF 

should be able to cleave all carbohydrate gr oups from all of the factions, whilst Endo Hf 

should cleave only the carbohydrates from a small portion of c-Myc:Cf-2 in the upper 

phase, due to ER contamination. Endo Hf should also cleave all of the carbohydrates from 

c-Myc:Cf-2 in the lower phase. Both enzymes cleaved a portion of carbohydrates from all 

the c-Myc:Cf-2 in each fraction, resulting in a protein that migrates at the same rate of the 

c-Myc:Cf-2 from microsomes treated with PNGaseF. In addition a second smaller protein 

was observed, in each treatment, which migrated at 120KDa. This observation in addition 

to the m vmo transcription translation results demonstrates the highly-glycosylated nature 

of Cf-2 with carbohydrates increasing the protein mass by approximately 80KDa. 

Assuming that the carbohydrate groups found on Cf-2 and Cf-9 are, on average, the same 

size then the proportion of the potential glycoylation sites that carry a carbohydrate group 

is the same. Why PNGaseF was unable to cleave all of the car bohydrate groups from c-

Myc:Cf-2 in the microsomal fractions and why the endoglycosidases did not behave in the 

predicted manner on the purlOed membranes remains uncleai". 
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Chapter six 

6 Expression profiling of C/-2 and Cf-9 

6.) /nfroducf/on 

Many genes are developmentally regulated, however, it might be expected that 

genes involved in resistance against pathogens to be expressed at all times. In particular, 

it might be expected that these genes be expressed from the ear liest stages when a seedling 

is most vulnerable to pathogen attack. Indeed, mechanisms such as systemic acquired 

resistance (SAR) do not operate in many flowering or fruiting plants. When considering 

survival of the species, it may be a better strategy to invest energy in producing the next 

generation rather than fighting disease. 

Transposon tagging was used to clone ( ^ 9 , which involved crossing Cf9 plants 

can ying the transposable element to plants expressing Avr9. This produced Fi seed 

carrying both Avr9 and Cf-9. The vast majority of seedlings died as the first true leaves 

emerged, presumably due to a massive defence response (Jones gf a/., 1994). A key 

observation was that these Fi seedlings appeared perfectly healthy until the first true 

leaves emerged, suggesting that at least some component of the C^9-mediated response is 

developmentally regulated (Jones gf o/., 1994). Honee gf a/. (1998) tried to produce plants 

expressing both Cy^9 and ^^7-9 using a transgenic approach, by transforming Cf9 plants 

with Avr9. Normal callus formation was observed, however, transgenic plants were never 

recovered, lending further support to the idea that Cy^9-dependent defence is 

developmentally regulated. 

In contrast with the early onset of C^9-dependent defences, a second 

developmentally regulated Cy gene, Q-9-B, mediated defence is functional only in mature 

plants (Panter gf aZ., 2002). By performing Cf-9, Cf-9-B promoter/ coding region 

reciprocal swaps and by producing a Cf-9-B promoter GUS fusion, Panter et al. (2002) 

were able to demonstrate that the developmental regulation observed is probably not due 

to transcriptional conti ol. These findings suggest the involvement of an additional gene or 
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genes in the regulation of ( ^ 9 and (y-9-B dependent resistance. As Avr2 had not been 

isolated until recently similar experiments have not been possible with ( ^ 2 . 

The aim of this study was to examine the expression profiles of and (^9 . 

This was achieved by the use of promoter GUS fusions stably transformed into susceptible 

(CfO) tomatoes donated by the Jones laboratory, John Innes Centre, Norwich. 

The initial experiment was designed to study the onset of expression of the Cy 

genes. It is known that Cf-9 is not functionally active in very young seedlings, using the 

promoter: GUS plants it was possible to test if the level of transcript in seedlings is 

responsible for the observed developmental regulation. In addition it was possible to 

investigate whether Cf-2 shows a similar profile. This expression proHle was performed 

not only on seedlings but also on leaves of different ages. 

The second experiment was designed to assess the effect of IF on ( y gene 

expression. It would seem plausible that ( ^ 2 gene expression increases upon infection as 

levels of Cŷ 2 in uninfected plants is very low (undetectable by northern analysis). 

6 . 2 R e s u / f s 

It has been shown that ( ^ 9 is developmentally regulated, being turned on only 

after the emergence of the first true leaves. To extend the analysis to include Cf-2 and 

examine whether this is due to expression levels or some down stream processing Cf-2 

promoter: and Cf-9 promoter: GUS fusion tomato lines were used (Torres, Smoker and 

Jones, unpublised). 

The ( ^ 2 promoter: GUS fusion lines (8611 lines) were engineered, Arstly, by 

subcloning the initial portion of the Cŷ 2 gene. A CZal restriction site was introduced, by 

oligo mtatgenesis, at the ATG translation START codon. All of the sequence upstream of 

the open reading frame (ORF) (XAoI-CZal fragment, excised from minimal Cf-2.1, bases 

1- 1684 GenBank accession U42444, Dixon et al., 1996) was cloned into EcoRV-CZal 

restricted pBluescript ks+. The ^ o I restricted <^2 fragement was filled in and blunt end 

ligated with the EcoRV site in the vector. The ( ^ 2 fragment was excised with the 

restriction enzymes EcoRI and C/al and ligated into the vector pSLJ4KI that carries the 
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GUS repoiter gene (Jones gf a/., 1992). The Cŷ 2 promoter: GUS fusion was excised with 

EcoRI and and cloned into the multiple cloning site of the hinaiy vector S U 7292 

(http://www.jic.bbsrc.ac.uk/sainsbui-y-lab/jonathan-jones/plasmidlist/s3d_plas.htm) 

(Torres, Smoker and Jones, unpublished). 

The ( ^ 9 promoter: GUS fusion lines (8642 lines) were engineered in a similar 

way (Torres, Smoker and Jones, unpublished). A C M restriction site was again 

introduced at the ATG translation START codon, an EcoRI, CZal fragment was cloned 

into the vector SLJ4K1 (Jones et al., 1992). This fragment contained all of the sequence 

upstream of the start codon (a 1.75kb fragment starting from base 1, GenBank accession 

U15936) and along with the reporter gene were excised and ligated into the multiple 

cloning site of the binary vector S U 7292 (http://www.jic.bbsrc.ac.uk/sainsbury-

lab/jonathan-jones/plasmidlist/s3d_plas.htm). The contstructs were subsequently 

tiansformed by mediated uptake into L cv Money Maker. 

Single insert, homozygous lines were established by selfing transformants and screening 

of the progeny (Torres and Smoker, unpublished). Homozygous lines were selected and 

used for subsequent experiments. 

Thirty to forty seeds, from selfed-plants homozygous for the promoter:GUS 

fusions, were sterilised and placed on seed germination media and allowed to grow (12hr 

light: 12 hr dark). Three Cf2 (861IC plant 3, 861 ID plant 3 and 861 IF plant 8) and three 

Cf9 lines (8642D plant 7, 8642L plant 11 and 8642P plant 5) were analysed for expression 

of the (y genes. The seeds germinated at different rates allowing the harvesting of 

cotyledons at different stages. Three stages were chosen (Figure 6.1a), SI (stage one) was 

the youngest and were identiGed as having no true leaves and no branching of the main 

root and were typically smaller than 10mm in length. S2 cotyledons were identified as 

coming from seedlings lacking true leaves with some branching of the root system and 

between 10 and 15mm in length. Finally S3 cotyledons (>15mm) were picked for having 

emerging true leaves (TL) and substantial branching of the root system, the true leaves 

were cut from these samples. The true leaves were assayed separately to gain an 

indication as to whether any patterns observed aie due to age of the leaf or age of the 

plant. These experiments show that the expression levels of both (^-2 and (^-9 increase 

with age of the cotyledon (Figures 6.1 and 6.2). There is a clear difference between the SI 

and S3 cotyledons with the S2 showing intermediate levels of expression. The experiment 
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was repeated for the lines 861 ID plant 3 and 8642P plant 5 due to the large variation in 

activity observed. More replicates were employed and only SI, S3 (cotyledons and tme 

leaves) samples were analysed. Again the same pattern of increased expression levels 

with increasing age of the leaf was observed (Figures 6.1 and 6.2). 
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Figure 6.1: Cf-2 expression increases with age of cotyledon and appears to follow the 
same pattern with true leaves. 

Seeds were sterilised and spread over seed germination media. After 7-10 days, seedlings were 
harvested and analysed for GUS activity (b). The double cotyledons were cut from the stem as 
indicated by the doted line (a). Three double cotyledons were harvested from 3 individual seedlings at 
various stages (a) for each line. Stage 1 (SI) cotyledons were assayed just after they had opened and 
before the roots had begun to branch, typically <10mm. Stage 2 (S2) were harvested as the main root 
had begun to branch (10-15mm). Stage 3 (S3) cotyledons were harvested after the emergence of the 
first true leaves (typically >15mm), which were cut from the head of the seedling and assayed 
separately (TL). Error bars represent standard error of the mean, except where indicated n = 3. * 
Indicates statistically significant difference from SI where 0.05 using a two-tailed t-test. A repeat 
of the line 8611D plant 3 was performed (b, bottom right) and did not include the S2 sample, 4 double 
cotyledons were harvested for each stage. CfO seedlings were also assayed for GUS activity, which did 
not exceed 0.06 pmoles 4-MU/p.g protein/min, nor did it follow any pattern with age of the seedling. 
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Figure 6.2: Cf-9 expression increases with age of cotyledon and appears to follow the 
same pattern with true leaves. 

Seeds were sterilised and spread over seed germination media. After 7-10 days, seedlings were 
harvested and analysed for GUS activity (b). The double cotyledons were cut from the stem as 
indicated by the doted line (a). Three double cotyledons were harvested from three individual 
seedlings at various stages (a) for each line. Stage 1 (SI) cotyledons were assayed just after they had 
opened and before the roots had begun to branch, typically <10mm. Stage 2 (S2) were harvested as 
the main root had begun to branch (10-15mm). Stage 3 (S3) cotyledons were harvested after the 
emergence of the first true leaves (typically >15mm), which were cut f r o m the head of the seedling and 
assayed separately (TL). Error bars represent standard error of the mean, except where indicated n = 
3. * Indicates statistically significant difference from SI where P< 0.05 using a two-tailed t-test. A 
repeat of the line 8642P plant 5 was performed (b, bottom right) and d id not include the S2 sample, 4 
double cotyledons were harvested for each stage. CfO seedlings were also assayed for GUS activity, 
which never exceeded 0.06 pmoles 4-MU/| lg protein/min, nor did it fol low any pattern with age of the 
seedling. 
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To see if this pattern of increased expression with increasing age of the cotyledon 

holds for true leaves, three plants from each line were grown until the 13*̂  node, counting 

from the bottom of the plant and not including cotyledons, was developing. Equivalent 

true leaves (second leaf in from the tip of the node) were harvested from each plant from 

the 13'̂  (Tl), 12^ (T2), 6'̂  (T3), and 2""̂  (T4) nodes. As with the cotyledons, the older 

leaves appear to have increased levels of expression of both Cf-2 and Cf-9 (Figures 6.3 

and 6.4). 
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Figure 6.3: Cf-2 expression levels increase with leafage. 

Plants were grown until the second flowers were just beginning to f o r m (13"" node). One true leaf was 
harvested from three individual plants of every line. Leaves were harvested from nodes 13 (T l and 
youngest leaf on the plant), 12 (T2), 6 (T3), 2 (T4 and eldest leaves) and assayed for GUS activity. 
Error bars indicate the standard error of the mean, in each case n = 3 . 
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Figure 6.4: Cf-9 expression levels increase with leaf age. 

Plants were grown until the second flowers were just beginning to form (IS"* node). One true leaf was 
harvested from each of the three plants of every line. Leaves were harvested from nodes 13 (T1 and 
youngest leaf on the plant), 12 (T2), 6 (T3), 2 (T4 and eldest leaves) and assayed for GUS activity. 
Error bars represent standard error of the mean, in each case n = 3. 

To study the effect of fungal elicitors on Cf gene expression, all promoter: GUS 

lines were crossed with CfO, Cf2 and Cf9 plants. As purified Avr2 was not available 

plants were infiltrated with IF (prepared from a C.fulvum race 5 infection on CfO plants). 

CfO crosses were performed as a negative control as these plants should not respond to the 

specific elicitors (Avr2 and Avr9). All lines were also crossed to both Cf2 and Cf9, to see 

if Cf-2/Avr2 responses affect Cf-2 and Cf-9 expression and similarly, if Cf-9/Avr9 

responses affect Cf-9 and Cf-2 expression. Once crosses were obtained, plants were 

grown in a growth room in propagators. A pilot study was set up using one Cf-2 promoter 

line (861IC plant 3) and one Cf-9 promoter line (8642L plant 11). Equivalent leaves from 

three plants of each cross were infiltrated with water (as a negative control) and IF (diluted 

1:1 v/v with water) using a syringe. At 48 hours a leaf disc was taken from the infiltrated 

leaves and assayed for GUS activity. Some tissue damage was observed and the leaves 

from Cf9 crosses that were infiltrated with IF were noticeably more flaccid in comparison 

to all other leaves. Infiltration with IF resulted in an increase in GUS activity, relative to 
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intiltiation with water, in all plants crossed to Cf2 and Cf9. This increase was not 

observed with the CfD crosses (Figuie 6.5). This expenment was extended to the 

remaining lines, with the exception of 861 ID plant 3, as a complete set of crosses was not 

obtained. These data followed the same pattern as the preliminary study, with the plants 

crossed to Cf2 and Cf9 tomatoes experiencing an increase in GUS activity when inRltrated 

with IF relative to water (Figure 6.5). Comparisons of the IF treated leaves only, revealed 

a decrease in gene expression for the promoter lines and an increase in the ( ^ 9 

promoter lines when comparing Cf2 and Cf9 crosses to the CfO cross (negative control). 
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Figure 6.5: expression levels of Cf-2 and Cf-9 are increased after elidtation. 

GUS lines (indicated by chart titles) were crossed to CfO, Cf2 and Cf9 tomatoes. Equivalent leaves 
from three plants ( • indicates where only 2 plants were used) of each cross were infiltrated with water 
(control) or IF (containing Avr2 and Avr9 and diluted 1:1 with water). After 48 hours a leaf disc was 
harvested using a number 2 cork borer, ground in GUS assay buffer and assayed for GUS activity per 
leaf disc. Error bars represent standard error of the mean, except where indicated n = 3 ( • indicates 
where n = 2). 

6.3 Discussion 

An important consideration to be made when undertaking this study is that GUS is 

a very stable enzyme. Unlike most proteins it is not readily degraded (Jefferson et ah, 

1986), therefore where an increase in expression is observed it is important to remember 
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this is an accumulation of what was already present plus any additional activities induced. 

In addition this makes it harder to notice any decrease in expression levels, as a significant 

level of GUS activity would remain from piior expression. 

Cy-9-mediated defence is developmentally regulated, but this regulation was 

shown not to be due to transcriptional control (Honee g/., 1998, Panter cf <?/., 2002). 

These data indicate that at the earliest stages, the developmental regulation of 

mediated defence may be under transcriptional control. In cotyledons, expression levels 

are extremely low until the emergence of the first true leaves, the point at which Cy:9-

mediated defence becomes 'activated' (Honee gr oZ., 1998). It was shown that expression 

levels of 6 ^ 9 in the cotyledons prior to the emergence of the true leaves is higher than that 

observed in the emerging true leaves, indicating that expression levels aie determined by 

the developmental stage of the leaf and not by the age of the plant. This was confirmed 

with analysis of mature plants, where young leaves exhibited low levels of expression 

with older plants exhibiting much higher expression levels. Despite exhibiting low 

expression levels, young leaves of mature plants carrying ( ^ 9 , are resistant to pathogen 

challenge. This may suggest the involvement of at least a third interacting protein that is 

responsible for the regulation of the defence response. 

Rcr3 is absolutely required for mediated resistance and is developmentally 

regulated (Kruger gr a/., 2002). Kruger gf aZ. (2002) demonstrated that /(crJ expression 

increases with age of the plant irrespective of leaf age. A similar gene could be involved 

in the developmental regulation of Cy^9 and/or (^9-B. Indeed, two genes (7(cr7 and 

J?cr2) are required for full (^9-mediated resistance and were identified by mutagenesis 

(Hammond-Kosack gr a/., 1994). Mutations in these genes resulted in only a weak 

phenotype, with a partial loss of function observed. 

It is not known if Q-2 mediated defence can be activated in the youngest seedlings 

(pre-emergence of the first true leaves) however, it can certainly be activated in young and 

mature plants. The temporal expression pattern of ( ^ 2 mirrors that of Cy-9 and as with 

(^9 , (y^2-mediated defence may be regulated by an additional protein such as Rcr3. 

The effects of IF infiltration on the expression of Cy-2 and (^-9 was also studied. 

Consistently, IF treatment of the promoter: GUS fusion lines crossed with Cf2 and Cf9 
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resulted in an increase in GUS activity relative to the water control. This was not 

observed with the CfO crosses, where infiltration with IF and water made little difference 

to GUS activity. This suggests that changes in gene expression observed between water 

and IF infiltrated leaves is a likely result of Avr2 and Avi-Q recognition. However, water is 

not the most suitable control and the IF contains many fungal proteins that may affect Cy 

gene expression. In addition, IF will contain 'particulates', not present in water, that could 

cause tissue damage which may affect gene expression. Therefore, only the IF treated 

samples should be compared to one another. Unfortunately, as in many cases only two 

samples were analysed, statistical analysis could not be performed. Studying the 

promoter: GUS lines, it appears that elicitation reduces gene expression. Differences 

observed in GUS activity within these lines are relatively small (when compared with the 

Cf-9 promoter lines) and may be as a result of 'natural variation' and insufficient 

repetitions. On comparison of the IF treated ( ^ 9 promoter: GUS lines, a large change in 

GUS activity is observed between the CfO crosses and the Cf2 or Cf9 crosses. This 

suggests that both Cf-2/Avr2 and Cf-9/Avr9 interactions have the ability to up-regulate 

Cf-9. There is little homology between the C/^2 and promoters, so it might have 

been expected for any increase in promoter activity to be induced by only the 

corresponding Cf/Avr combination. The lack of homology may also suggest that different 

molecules affect the ( ^ 2 and Cy-9 promoters, although these data may indicate otherwise. 

One other explanation is that several molecules are up-regulated upon recognition of an 

Avr that in turn specifically up-regulates a cy gene. If a tomato carries multiple Cy genes, 

up-regulation of them aU may provide enhanced resistance if the race of fungus carries the 

corresponding Avr. 

Some tissue damage was observed using the syringe infiltration method, which 

could affect the Cy expression levels. It was slightly easier to infiltiate the leaves with 

water relative to the IF, which increased the likelihood of tissue damage in the IF treated 

plants. Durrant ef aZ. (2000) noted that the m^ority of genes up-regulated in Avr9 elicited 

Cy-9 expressing tobacco cells were also up-regulated by wounding, although not to the 

same extent. Although wounding was observed in the inGltrated plants, after 48 hours 

plants infiltrated with IF did not appear any more damaged than those infiltrated with 

water. In addition, the plants crossed to CfO did not experience the changes in GUS 

activity as observed with the Cf2 and Cf9 crosses, suggesting that the changes seen were 

not entirely wound induced. 
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These data, in particular concerning the induction profiling IF, could be 

significantly improved. Due to the large variation that occms, even within lines, a larger 

number of replicates should be used. In most cases only 3 biological replicates were used, 

in some cases this was reduced to two. 

The induction experiments using intercellular fluid (IF), obtained from 

race 5 infection of CfO tomatoes, were crude and in need of modification. The first change 

should be the crosses. The pollen donors for the crosses should not come from CfO, Cf2 

and Cf9, as presented here. Instead the pollen should be from the GUS plants and the 

recipients CfO, Cf2 and Cf9 plants, as confirmation of a successful cross can be obtained 

by staining for GUS activity, prior to treatment with IF. This would save time and IF. 

The plants were infiltrated by forcing IF into the intercellulaispaces using a 

syringe. The water control went in with relative ease, whilst slightly more resistance was 

expeiienced with the IF resulting in an increased likelihood of tissue damage. It is 

possible that wounding could affect gene expression, Durrant gf a/ (2000) revealed that the 

majority of the cDNAs that increase in number after recognition by Avr9 are also up-

regulated by wounding, although not to the same extent. In addition water is not the ideal 

negative contiol, as the IF would contain many proteins in addition to Avr2 and Avr9. 

Tobacco plants expressing Avr9 have been produced and IF can be produced from these 

plants which contains Avr9. Tobacco plants could be transformed to express Avr2, which 

could then be obtained by preparing IF from these plants. IF could then be obtained from 

non-transformed tobacco as a negative contiol. Using these IFs would provide better 

controls and there would be less variation between batches of IF. In addition, there would 

be more certainty that any obsei-ved changes in expression of C^2 and ( ^ 9 is due to the 

Avrs and not other non-specific elicitors that may be present in IF preparations made from 

infected tomatoes. 

Due to the damage that occurs using this inOltration method, another less invasive 

method could be developed. For example, vacuum inGltration on whole plants may be 

used as a delivery method. 

A more comprehensive study could be carried using these plant lines, for example, 

to study the effects of plant signalling molecules on Cf expression. 
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Signalling of the defence response involves many molecules and signalling 

pathways. There is to date no complete stoiy of the events that occur between the 

perception of a pathogen and the onset of defence responses. As discussed in Chapter 1 

many molecules have been implicated in the events that result in the defence response. 

One such molecule, clearly involved in local defence and activation of many 

(f/?) genes, is salicylic acid (SA). Following infiltration with intercellular" fluid 

(IF) containing Avr2 and Avi-9, Cf2 and Ct9 tomatoes respectively produce SA (Brading 

cf a/., 2000). In addition to induction of its synthesis upon detection of the fungal Avr 

product, SA pre-treatment of Cf9 plants resulted in increased sensitivity to IF containing 

Avr9 (Brading gf a/., 2000). Although SA is clearly involved in Cf mediated defence, 

neither Cf-2 nor Cf-9 require SA for resistance. This was demonstrated as Cf2 and Cf9 

tomatoes expressing //oAG, a gene that encodes salicylate hydroxylase and converts SA to 

the inactive catechol, were completely resistant to C. yw/vwm (Brading a/., 2000). 

Although not required for resistance, SA appears to be important for necrosis, both Cf2 

and Cf9 plants expressing NaAG experience a delayed onset and completion of cell death. 

Indeed, the characteristic necrosis that results from Avi^ recognition by Cf-9 is 

completely prevented in the absence of SA and replaced by a Cf-2-like chlorosis (which is 

unaffected by the absence of SA) (Brading a/., 2000). An additional observation of 

Brading gf a/. (2000), is that SA may even be an antagonist of (y:2-mediated chlorosis, as 

the chlorotic regions observed in ( ^ 2 //aAG tomatoes were greater than observed in 

control Cy-2 plants. Jasmonic acid and ethylene aie involved in SA-independent 

signalling pathways. Cross-talk between the SA-dependent and independent pathways is 

believed to have the ability to regulate the activation of defence mechanisms (Pieterse and 

van Loon, 1999). Durrant gf a/. (2000) identified proteins homologous to ethylene 

response element binding protein transcription factors and 1,3-lipoxygenase (an enzyme 

involved in the early stages of the pathway that results in Jasmonic acid production) that 

are rapidly and transiently induced in Cf9 expressing tobacco cells elicited with Avr9. 

This suggests a possible role for ethylene and Jasmonic acid in Cf-mediated defence 

signalling. In addition other proteins were observed to be up-regulated, including 

homolougues of the N resistance protein, a calcium binding protein and a RING-H2 zinc 

finger protein (Dunant gf aZ., 2000). 

These promoter: GUS plants could be treated with salicylic acid, jasmonic acid or 

ethylene, for example. Plants could be treated with salicylic acid and jasmonic acid, by 
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immeision in a dilute solution or by spraying with a similar solution. Ethylene is a gas so 

plants could either be tieated with ethylene in a contained environment or treated with the 

ethylene pre-cursor ACC (1-aminocyclopropane-l-caiboxylic acid). Noithem analysis 

could be employed as a control for the induction of a defence response by monitoring 

expression of fV? genes. 
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Chapter seven 

7 General Discussion 

7L) /nfrocfucf/on 

The major aim of this project was to produce tobacco and tomato plants expressing 

a functionally active epitope-tagged version of Cf-2. These plants were then to be used to 

investigate the sub-cellulai" localisation and post-tianslational modification of Cf-2. The 

epitope-tag chosen was the triple myc (3x c-Myc) epitope used by Pierdras a/. (2000) to 

study the sub-cellular localisation of Cf-9. Two versions of the epitope-tagged construct 

were engineered and successfully expressed in tobacco and tomato. The first construct 

used the native Cf-2 promoter and the second the relatively strong CaMV 35S promoter. 

7 . 2 O y e r - e A p r e s s / o n o f e p / f o p e - f a g g e d C f - 2 . 

No problems were predicted or encountered when over-expressing Cy-2 (/(f 006) in 

tobacco, as Cy^2-dependent defence responses do not appear to function in TV. 

However, over-expression of ( ^ 2 in 1. CfO (a completely susceptible tomato) 

was predicted to be difGcult. Previous attempts to over-express ( ^ 2 in tomato only 

produced only one transformant (Dixon, unpublished data). This was predicted to be due 

to auto-necrosis as a result of interaction with Rcr3^^^ (1. form of Rcr3) 

(Kruger gr aA, 2002). Indeed, higher expression levels of the trans gene were observed in 

the rcr3-3 line (an Rcr3 loss of function mutant) background relative to a CfO background. 

However, these data should be treated with caution as only one RP006/Cf0 plant was 

recovered. In addition it assumes that the epitope-tagged construct is functional. Intial 

analysis suggested that TO 10 ( ^ f 006/cf0) was resistant to C. yM/vwm expressing Aw2. 

However, inoculation of second generation TO 10 plants revealed a loss of function. 

Alternative epitope-tagged versions of Cf-2, with the epitope-tag in domain B, 

should be engineered. These constructs should be able to recognise Avr2 and elicit a 

defence response. These constructs could be over-expressed in both 1. CfO 

and rcr3-3 backgrounds and the plants analysed phenotypically and by northern analysis. 
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Noithem analysis would reveal if it were possible to over-express Cf-2 to a greater extent 

in the absence of a functional Rcr3. These plants should also be observed throughout their 

life cycle to investigate whether over-expression results in auto-necrosis at an earlier stage 

or to a greater extent than obsei-ved with plants carrying the same construct using the 

native promoter. These experiments could also be carried out using a non-epitope-tagged 

version of Cf-2 and would circumvent the problem of disruption of function due to the 

epitope-tag. However, producing transgenic plants over-expressing completely functional 

epitope-tagged constructs would create a valuable resource for further experimental work 

such as looking for interacting proteins using biochemical approaches. 

7L3 F u n c f f o n a / / f y o f e p / f o p e - f a g g e d c o n s f r u c f s . 

The 3x c-Myc epitope-tag was inserted between the ultimate and penultimate 

amino acids of Cf-2. This site was chosen, as this portion of the protein is believed to 

serve no function other than as part of the membrane anchor. Piedras gf a/. (2000) and 

Van der Hoom (2001a) using epitope-tagging and mutation analysis respectively revealed 

that, in their assays, the cytoplasmic tail of Cf-9 serves no function other than as a 

membrane anchor. The Cf proteins however, have no obvious signalling domain and it is 

possible that the cytoplasmic tail interacts with other proteins e.g. signalling molecules 

Unlike Cf-9, it was not possible to assess the function of the transgenes in tobacco. 

Avr2 was isolated only recently and so was not available for use in a transient assay as 

used to assess Cf-9 function. In addition it appears that a sufficiently homologous Rcr3 is 

not present in tobacco, without which Cf-2 cannot function (Jones, unpublished). 

Inoculation of transgenic CfO tomatoes, carrying and 006, with C. 

race revealed the transgene to be greatly reduced in function or perhaps 

completely non-functional. Using GUS activity it was possible to quantify levels of 

fungal growth, which should have indicated transgene effectiveness. However, this 

protocol relies upon an equivalent inoculum for each plant. These data presented here 

showed a great variation in fungal growth between putative transformants later revealed to 

lack the transgene. It would therefore, be useful to investigate inoculation protocols and 

growth conditions to produce a more reliable assay for quantitative analysis of Q" 

transgene function. 
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It was not possible to directly assess the function of the tiansgene (/(f 006) in an 

rcr3-3 background as (^2-mediated defence requires the presence of a functional j 

gene. This could be over come by crossing them to CfO tomatoes, which carry a 

functional Rcr3 and subsequent inoculation of Fi individuals with C. yw/vwm. In addition 

this would generate CfO hansgenic plants with higher expression levels of than 

previously obtained. Avoiding the tissue culture phase and using rcr3-3 transformants 

may prove to be a more viable route to plants expressing c-Myc. (^-2 to higher levels. As 

rcr3-3 plants are homozygous for 6^2, producing a plant that lacks a copy of both Cf-2 

and Rcr3, but carries rcr3-3 and the epitope-tagged Cf-2, will require the use of marker-

assisted selection. An alternative route would be to transform CfO plants that are 

homozygous for the rcr3-3 mutation. Crossing rcr3-3 plants with CfO plants and by 

subsequent selfing and screening of the Fz progeny could produce CfO/rcr3-3 plants. Once 

transformants in this background have been produced they could then be crossed to a CfO 

plant and screened for functionality of the epitope-tagged gene. 

With the recent cloning of Rcr3 and Avr2, a transient assay is cmTently being 

developed to enable assessment of Cf-2 function (and epitope-tagged versions) in the N. 

Once established, the tiansient assay could be utilised to confirm the 

functionality of the epitope-tagged constmcts, pRP005 and pRP006. Whether the 

insertion of the epitope-tag, into the cytoplasmic tail of Cf-2, severely disrupts or 

completely abolishes its function, a similai" conclusion can be drawn. That is that the 

cytoplasmic tail of Cf-2 serves not only as a membrane anchor, but also has an additional 

function, possibly being involved in signalling. 

7L4 Loca/Zsaf/on o f c-Afyc;Cf-2 

Here, using two-phase aqueous partitioning Cf-2 was shown to be plasma 

membrane bound in tobacco, with the majority of the c-Myc:Cf-2 purifying with the upper 

(plasma membrane) fraction. The proportion of c-Myc:Cf-2 found in the lower fraction 

correlated with increased expression levels of the T-DNA, probably due to a 'back-log' of 

protein in the ER and Golgi caused by saturation of the secretory machinery by over-

expression. Although the c-Myc:Cf-2 protein was not functional it is unlikely that the 

change to the cytoplasmic tail affected the localisation of the protein, but cannot be ruled 

out completely. Localisation of c-Myc:Cf-2 was not demonstiated in tomato. Ideally 
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these experiments should be repeated with functionally active epitope-tagged versions of 

the protein in tobacco (for relative ease) and tomato, for absolute confirmation. 

7 . 5 P o s M r a n s / a f / o n a / m o d Z / y c a f / o n o f c - M y c ; C f - 2 

Treatment of Cf-9 with PNGaseF revealed that, as predicted, it is highly 

glycosylated with carbohydrate groups totalling 55KDa (Piedras gf (?/., 2000). Treatment 

of tomato microsomes with EndoHf and m vffro transcription and translation of 

2, revealed an unglycosylated protein of 120KDa, similar to the predicted size of Cf-2. 

These results obtained indicate that, like Cf-9, Cf-2 is highly glycosylated and probably to 

a similar degree. 

7 . 6 C f - 2 m e d / a f e d d e f e n c e 

Using data collected here with published data available, a model of Cf-2 action has 

been proposed (Figure 7.1). Extensive protein complexes are known to attach to many 

animal receptor molecules upon activation. It seems increasingly likely that a similar 

signalling complex is formed with the Cf-2 protein. This model predicts Cf-2 to be the 

'guard', monitoring for the presence of an Rcr3/Avr2 complex. Upon detection of the 

fungus the complex is formed, the model here involves two interacting proteins. The first 

(Interactor 1) is possibly a membrane bound protein and the second (interactor 2) a 

cytoplasmic protein that interacts with the cytpolasmic tail of Cf-2. Interactor one has 

been proposed, as there is no evidence to date of a physical interaction between Avr2 and 

Cf-2, suggesting the involvement of an additional protein. It is predicted to be a 

membrane bound protein, like the HABS observed for Cf-9 (Kooman-Gersmann ef oA, 

1996). Interactor 1 could be responsible, either solely or incombination with Cf-2, for the 

recognition of the Rcr3/Cf-2 complex. 

Unlike Cf-2 where a severe loss of function is observed, disruption of the Cf-9 

cytoplasmic tail, by insertion of an epitope tag, only slightly reduced the response to Avr9 

(Piedras ef a/., 2000). This reduction in response to Avr9 indicates that this interactor may 

also function in Q^P-mediated resistance, although is perhaps not absolutely required. 

Piedras gf a/. (2000) used plants over-expressing the epitope-tagged Cf-9 construct, whicn 

may mask the subtleties of complex protein interactions. It may be that over-expression of 
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Cf-9 means that interactor 1 alone is enough for resistance, but at lower expression levels 

you may require interactor 2 to increase the strength of the signal. This may be also true 

for Cf-2, as in the first generation TOlO {RP006ICfQ transformant) appeared resistant to C. 

fulvum challenge. 

Rcr3 Cf-2 

Defence response 

Interactor 2 

Figure 7.1: Model of Cf-2 function. 

Kriiger et al. (2002) proposed that Rcr3 is the virulence target of Avr2 and that the complex of Avr2 
and Rcr3, or a product of that complex, is 'guarded' by Cf-2. Here it is proposed that interacting 
protein one aids in the recognition of this complex and that it also, along with interacor two, generates 
the signal for the defence response. 

In animals there are proteins, which interact with small cytoplasmic tails of trans-

membrane receptor proteins like that of Cf-2. One type of domain responsible for this 

interaction is called the PDZ (PSD-95, Discs large, ZOl) domain (Liu and Lengyel, 2000; 

Ikemoto et al., 2000). PDZ domains interact with bulky hydrophobic amino acids at the 

terminus of the cytoplasmic tails and interstingly, both Cf-2 and Cf-5 terminate with the 

bulky hydrophobic amino acid phenylalanine, whilst Cf-4 and Cf-9 terminate with 

tyrosine. It is possible that the C-terminus of Cf-2 interacts with a PDZ domain protein to 

form a signalling complex. 
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PDZ domains have quite an interrupted consensus sequence and thus any general 

search for homology would probably not reveal PDZ domain homology. Highly specific 

database seaiches have revealed PDZ domain containing proteins in plants (Dixon, 

unpublished). For example one protein in A. fAoZ/cf/za is closely related to the chaperon 

protein Deg P from E. co//. It is therefore proposed that the second interacting protein in 

this model (Figure 7.1) may carry a PDZ domain. 

It is possible that interactor 2 is continuously bound to the C-terminus of Cf-2 and 

that it is responsible for the recruitment of interactor 1, which interacts with the Anal 8.5 

LRRs of Cf-2. A conformational change may occur to interactor 1 upon binding of the 

Rcr3/Avr2 complex that results in binding to Cf-2. As the last 8.5 LRRs are the most 

conserved between all Cf proteins, they have been proposed to be involved in interacting 

with signalling molecules i.e. interactor 1. In this case interactor 2 could also act to 

stabilise the complex. 

There is no obvious signalling domain present in the Cf proteins, therefore it is 

likely that at least one of the proteins in the complex has a domain capable of generating a 

signal. As it appears (y-9-mediated resistance still functions despite disruption of its 

interaction with interactor 2, interactor 1 is likely to have the ability to generate a signal. 

Other proteins will function downstream of interactors one and two to carry the defence 

signal. 

One obvious next step in the research of Cf-mediated resistance is to investigate 

the interaction between Cf-2, Avr2 and Rcr3. This could be achieved by epitope-tagging 

of each of the proteins and using immune precipitation to obtain protein complexes. This 

would be made simpler with the development of the previously mentioned transient assay 

and could be used to detect difference between elicited (with Avr2) and non-elicited 

(without Avr2) plants. 

To search for candidate interactor 2 type proteins, a yeast-2-hybrid approach could 

be employed. This is likely to produce additional non-specific interactions, but these can 

be accounted for with appropriate controls. Both protocols may also identify other, yet to 

be determined, interacting proteins. 

Page 173 



Several groups studying animal receptors with shoit cytoplasmic tails have 

successfully employed affinity purification using fusion proteins as bait (Ikemoto gf a/., 

2000). In the early stages of this project, the possibility of the cytoplasmic tail interacting 

with other proteins was discussed. A Cf-2 cytoplasmic tail: glutathione-S-transferease 

(GST) fusion construct was built. Using the vector pGex-5x-l (Amersham Pharmacia, 

Little Chalfont, UK), the cytoplasmic tail of Cf-2 (obtained by PGR using the primers RP5 

and RP6, Appendix I) was fused to a gene encoding GST, with expression of the fusion 

protein inducible by IPTG. The fusion construct, designated pRP003 (Appendix II), was 

expressed in E.co/f. Sonication of the bacteria and analysis by SDS-PAGE revealed at 

least a portion of the protein to be soluble. This protein can be bound to a column of 

glutathione beads and used as bait for various plant fractions. This project was abandoned 

at this stage, as the trans genes OOJ and 006 appeared initially to be functional. Due 

to the highly basic nature of the cytoplasmic tail it is likely that non-speciGc interaction 

will occur, these can be reduced by increasingly stringent washes. In addition, as epitope-

tagging of the cytoplasmic tail disrupts Gf-2 function, possibly by preventing protein-

protein interactions. An epitope-tagged tail: GST fusion could be used as a negative 

control to identify specific interactions. If enough interacting protein is obtained it may 

them be possible to sequence and identify it. 

Other interesting avenues for investigation include studying the importance of the 

glycoslyation sites. It has been shown for other proteins (specifically the human secretin 

receptor) that the addition of carbohydrates to a protein can determine its binding 

capability (Pang cf a/., (1999). The N-linked glycosylation sites could, in turn and in 

combination, be mutated so they can no longer be glycosylated. By comparing the sizes 

of each mutant, it would be possible to determine which of the sites are glycosylated on 

the native protein. In addition, it would be possible to determine if any of the glysosylated 

sites are essential for Cf-2 function and perhaps Avr2 recognition. Due to the large 

number of potential glycosylation sites this would be a big undertaking that would be 

made easier by the development of a working transient assay. 

Cf-2 is predominantly comprised of LRRs with cysteine residues at either end of 

the LRR region, these have the potential to form disulphide bridges (Dixon gf aZ., 1996). 

Di Matteo gr aZ. (2003) determined the crystal structure of a polygalacturonase-inhibiting 

protein (PGIP), a more appropriate model for Cf protein structure than previously 
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described structures (Kajava, 1998). In this model, the LRR structure is capped by 

cysteine residues, forming disulphide bridges, which are predicted to maintain the 

integrity of the structure. By mutating the cysteine residues of Cf-2 it would be possible 

to investigate their importance in Cf-2-mediated resistance and potentially Cf-2 structure. 

Here it has been demonstrated that the majonty of Cf-2 is found in the plasma 

membrane and that, like Cf-9, is highly glycosylated. An unexpected, yet interesting, 

finding is that the cytoplasmic tail of Cf-2 appears to be involved in protein-protein 

interaction, presenting a potentially exciting route for future research. 
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Appendix I 

Oes/gn/ng pr /mers 

To intioduce an Aafll restriction site into the C terminal end of Cy-2, the mutagenic 

primers RPl and RP4B were designed. They follow the sequence of the ( ^ 2 gene, in the 

place where the Aafll site is to be introduced there are two mis-matches. RPl and RP4B 

were used with either the universal forward or universal reverse primers, depending upon 

the orientation of the insert in the vector (Hgure one). 

Figure one. An alignment of the two mutagenic primers RPl and RP4B with 

the Cf-2 sequence. 

RPl A A G A A A T A A T G A C G T C T A G A C A A ^ 

A G A A A T T A G A G A A G A A G A A A T A A T C A C T T C T A G A C A A G T T A G 

T C T T T A A T G T C T T G T T G T T T A T T A G T G A A G A T G T G T T G A A T G 

"4 G T C T T C T T C T T T A T T A C T G C A G A T C T G T T RP4B 

The bold text indicates the Cŷ 2 sequence. Underlined text denotes 

the bases, which do not match the template sequence, these changes 

introduce an Aafll restriction site (GAC GTC). 
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The two mis-matches greatly reduces the annealing temperature that could be used 

so; relatively lengthy pnmers were designed to counteract this. 

PGR cycle employed: 

94°C for 2 minutes 

94°C for 30 seconds 

40°C(RP1),42°C(RP4B) for 30 seconds r 30 cycles 

72°C for 1 minute 

72°C for Sminutes 

14°C hold 

The primers RP2 and RP3 were designed amplify the 3-myc sequence from the 

plasmid LB2339 (figure two), so it could be inserted into the sequence (Dixon, 

unpublished). The primers were designed to introduce an Aafll site at either end of the 

sequence. When designing these primers it was important to consider the restriction 

efficiency when the restriction site is at the end of a linearised piece of DNA like a PGR 

product. For >90% cleavage efficiency an AadI restriction site should have at least 2 

bases either side of the sequence (New England Biolabs catalogue). A second important 

consideration that the restriction sites had to follow the correct open reading frame. The 

primer sequences are as follows: 
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RP2 5 'ATG (GAC GTC) GGT GAA CAA AAG TTG 3' 

RP3 5' ATG (GAC GTC) TCC GTT CAA GTC TTC TTC 3' 
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Figure two. The 3-niyc sequence, and the alignment of the primers RP2 and 3. 

RP? 

GGT GAA CAA AAG TTG ATT TCT GAA GAA GAT TTG AAC GCT 

CCA CTT GTT TTC AAC TAA AGA CTT CTT CTA AAC TTG CGA 

G l y G l u G i n L y s L e u l i e S e r G l u G l u A s p L e u A s n G l y 

myc epitope 1 

GAA CAA AAG CTA ATC TCC GAG GAA GAC T T G AAC GGT 

CTT GTT TTC GAT TAG AGG CTC CTT CTG AAC TTG CCA 

G l u G i n L y s L e u l i e S e r G l u G l u A s p L e u A s n G l y 

myc epitope 2 

CAA CAA AA TTA ATC TCA GAA GAA GAC T T G AA 

GTT GTT T T T AAT TAG A G T CTT CTT CTG AAC TT 

RP3 
G l u G i n L y s L e u l i e S e r G l u - Q l u A s p L e u A s n 

myc epitope 3 
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The annealing temperature is calculated using only the piimers that anneal to the 

DNA sequence (i.e. only those to the 3' side of the Aafll resriction site). The presence of 

bases in the primer that do not anneal to the template DNA have the effect of reducing the 

optimal annealing temperature. The PGR cycle used with the primers RP2 and RP3 is as 

follows: 

94°C for 2 minutes 

94 C for 30 seconds 

38°C for 30 seconds 

72 C for 30 seconds 

35 cycles 

72 C for 5 minutes 

14T hold 

As with the RP2 and 3 primers RP5 and RP6 are designed to introduce restriction 

sites at either end of the stietch of DNA, which they are designed to amplify. RP5 and 6 

were designed to amplify the DNA encoding the cytoplasmic tail of Cf-2. They were 

designed to fit the open reading frame of the Q:2 and pGEX-5x-l vector sequence. The 

two restriction sites chosen in the multiple cloning site of the pGex vector were XAoI and 

EcoRI. The EcoRI site was intioduced at the N terminal end of the insert by RP5 and the 

Xkol site at the C termini by RP6. For >90% cleavage to occur at an EcoRI site there 

needs to be only one base either side of the sequence (New England Biolabs catalogue). 

For >75% cleavage efficiency at an ZAoI site there has to be at least 3 bases either side of 

the site (New England Biolabs catalogue). The primer sequences were as foUows: 
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RP5 5 'CG(GAATTC)GGAAATCTAAGATGGCTT 3' 

(EcoRI) 

RP6 5' CCG (CTC GAG) CTA GAA GTG ATT ATT TCT TCT 3' 

(XAoI) 

The PGR cycle used: 

94 C for 2 minutes 

94 C for 30 seconds 

48 C for 30 seconds 35 

7 2 T for 30 seconds 

72°C for 5 minutes 

14°C hold 

To ampllify the most variable regions the primers VIF and V2R2 (Dixon, 

unpublished) were employed. The product of which was from base 2110 (VIF) to base 

3719 (V2R2) (1.69kb) of ( ^2 . The primer sequences aie as follows; 

VIF 5 ' T T C A G A T C A T C C G C A T A T T r C 3 ' 

V2R2 5' GTT TCT CGG CAT ATA CAA CAC 3' 
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The PGR cycle used: 

94°C for 2 minutes 

94°C for 30 seconds 

35 cycles ^ 

52-58°C for 30 seconds (depended upon the PGR machine and 

exact DNA that was used) 

72°C for 1 minute 30 seconds 

72°C for 5 minutes 

14°C hold. 

The primers CF2R1 and MD20 were used to amplify the conserved region of ( ^ 2 . 

They amplify a fragment from base 3872 (MD20) to 5285 (CF2R1) (1413bp) of The 

piimer sequences are as follows; 

MD20 5' GGG AGC AAT ACC AC A ATG TTT TGG 3' 

CF2R15' AGC AAA TCC TTT ACA CCA GCG 3' 

MD8 is another piimer used in combination with CF2R1 to produce a 330bp 

fragment of the C terminal region of the conserved region of (^-2. 

PCR primer sequence; 

MD8 5' GCA AAG GAG AAA GAA GCA GCG AGG 3' 
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The same PCR cycle is used, except the extension time is reduced to 30 seconds. 

The PCR cycle used 

94 C for 2 minutes 

94 C for 30 seconds 

35 cycles 54 C for 30 seconds 

72 C for 1 minute 30 seconds 

72 C for 5 minutes 

14"C hold. 

Msce/Zaneous pr /mers 

The Primer V3F (Dixon, unpublished) was used in conjunction with V2R2 for the 

production a Southern and Northern probe for Cy^2. 

V3F 5' AC A TGT GAG AG A AG A CAT TAC G 

The primer Cf5Fl (Dixon, unpublished) was designed for amplification of 

products from but can be used on 6^2 as there is an identical match. This primer 

amplifies from base 4655. 

Page 199 



Cf5Fl 5' TCA AGG ACC TCA ATT CCG 
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Appendix II 

%7zoI 

Hh - f f — 

116bp 

A schematic representation of pRP003. The 116bp insert was produced by PCR 

using the primers RP5 and RP6 on minimal Cf-2 (Dixon gf a/., 1996) template DNA. The 

primers introduced EcoRI and sites at either end of the Cf-2 tail encoding sequence. 

The PCR fragment was cloned into the vector pGex-5x-l to produce a GST fusion 

construct. (Not to scale) 
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