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CHAPTER 1

INTRODUCTION

The interaction between plants and pathogenic microorganisms is highly complex. Study of 

this interaction and also of the response of the plant to stress in general, may reveal insights 

into methods by which, through the use of genetic engineering, we may improve and/or 

supplement this response to provide increased resistance to diseases. This introductory 

chapter outlines elements of the response of the plant to pathogens and wounding, and 

leads into the thesis aims which are the exploitation of aspects of the plant’s response to 

stress to increase resistance in piants to bacterial infections.

1.1 Str@sS"lnduGlbl8 gene expression In plants

In their natural environment plants are unable to move to escape or avoid environmental 

adversity. Instead, they have evolved a highly complex response to protect against the 

stresses caused by, for example, weather conditions, wounding and attack by various pests 

and pathogens. The initial responses by the plant serve to either repair or seal off damaged 

tissue to prevent dessication and invasion by opportunistic pathogens. Proteins are then 

synthesised which serve to prevent further spread of any invading pathogens, while signals 

are sent to the rest of the plant resulting in the expression of proteins that confer systemicaliy 

acquired resistance (SAR) with long-term, wide range protection from pathogen attack.

Many pathogens are opportunistic and are only able to infect plants through damaged tissue. 

For example, many viruses can only be transmitted through aphids which pierce the outer 

plant tissue layers enabling viral particles to enter. It is therefore unsurprising that the 

response of the plant to both wounding and pathogen attack is very similar in many respects. 

The initial response of sealing the wound site to prevent desiccation also acts to prevent entry



and spread of pathogens. One can therefore envisage that similar signalling processes are in 

operation in activating the genes involved in both wounding and pathogen attack.

1.1.1 The wound reeponse

Since the response to both wounding and pathogen invasion are similar, study of the wound 

response may give insights into the defence mechanism of plants. Examination of the wound 

response may also reveal possible approaches for engineering resistance.

According to Bostock and Stermer (1989) a wound is “any external or internal injury that

breaches the outer protective layers of the plant Implicit in this definition is the physical

rupturing of ceils with concomitant loss of compartmentation”. Wounds therefore include the 

obvious physical damage caused, for example, by severe weather conditions and the feeding 

of insects and herbivores. The definition also includes damage originating internally such as 

that resulting from the growth and spread of pathogens, leading to the appearance of visible 

symptoms.

The sealing of wound sites varies according to plant species (reviewed by Bostock & Stermer, 

1989). In general, monocotyledonous plants show little or no wound-induced cell division 

with the cells at the wound surface undergoing autolysis and death. Cell walls immediately 

adjacent to the wound site are then infused with lignin or other polyphenols to seal the 

wound. In dicotyledonous woody and herbaceous plants, cells at the wound site also 

undergo autolysis but, in contrast to monocotyledonous plants, parenchyma cells adjacent to 

the wound site (at least in larger wound sites) redifferentiate to form a lignosuberinized 

boundary zone, and meristematic activity of cells next to this boundary layer form a 

suberinized wound periderm. Both responses involve an increase in transcriptional activity 

with concomitant increase in metabolic activity and upregulation of genes associated with the 

defence response.



1.2 Th@ defenoa response

Genes induced as a consequence of pathogen invasion or wounding (reviewed by 

Gianinazzi, 1984; Fritig e t al., 1987; Bowles, 1990; Bol et al., 1990) lead to the synthesis of 

proteins that initialiy serve to modify the cell wall, leading to the formation of a physical barrier 

to prevent spread of any invading pathogen from the entry site. These wall-strengthening 

polymers include lignin, callose, extensins and glycine-rich proteins. Deterrents, such as the 

phytoalexins, hydrolytic enzymes, and digestive enzyme inhibitors, are also synthesised to 

prevent pathogen multiplication and spread from the infected area. Signalling molecules 

such as salicylic acid and ethylene are produced, causing the induction of the defence 

response in areas of the plant far removed from the initial site of wounding or infection. 

Enzymes are also induced as a consequence of the oxidative stress caused by wounding and 

pathogen invasion.

1.3 I he phenylpropanoid biosynthesis pathway

Many of the products formed as a consequence of pathogen attack are the products of a 

single pathway, the phenylpropanoid biosynthesis pathway. Branches of this pathway lead to 

the production of flower pigments, UV protectants, insect repellents, and signal molecules 

involved in plant-microbe interactions (reviewed in Hahibrock & Scheel, 1989). In the 

defence response, the pathway is important in leading to the synthesis of phytoalexins, which 

are low molecular weight compounds with antimicrobial activity (reviewed by Kuc & Rush,

1985), to the synthesis of the precursors of lignin, suberin and other wall-bound phenolics 

(reviewed by Lewis & Yamamoto, 1990), and to the possible synthesis of the signalling 

molecule, salicylic acid (Ward et al., 1991). The role of salicylic acid will be discussed further in 

section 1.8.3.

1.3.1 Phenylalanine ammonla-lyase

The first enzyme of the phenylpropanoid biosynthesis pathway is phenylalanine ammonia-

3



lyase (PAL) which catalyses the deamination of L-phenylalanine to yield trans -cinnamic acid 

(reviewed by Hahibrock & Scheel, 1989; Bowles, 1990). Phenylalanine itself is one of the 

end products of the shikimate pathway, the first enzyme of which, 3-deoxy-D-arabino - 

heptulosonate-7-phosphate synthase, was found to be wound-inducible in potato (Dyer et. 

al., 1989). PAL itself is also wound-inducible in potato (Shaw et. al., 1990; Rickey & Belknap,

1991) but only under aerobic conditions (Rumeau ef. a/., 1990). The study of PAL genes in 

parsley (Lois et. al., 1989) and bean (Cramer et. al., 1989) suggests that the enzyme is coded 

for by a family of genes. Three of the parsley genes, PALI, PAL2, and PAL3, were found to 

be induced by wounding, fungal elicitor and by UV irradiation with induction by fungal elicitor 

being more rapid (2 hours) than induction by UV irradiation (4 hours). By using labelled 

antisense PAL RNA as a probe, Schmelzer et. al. (1989) determined that PAL is expressed 

very rapidly following infection by Phytophthora megasperma, with expression being highly 

localised to the cells around infected lesions. A slightly different pattern of induction is found 

in bean in which three classes of PAL genes are present, g PALI, gPAL2, and gPAL3, with 

each class containing poiymorphic forms. All classes were found to be induced by wounding 

but only g PALI and gPAL2 were induced by fungal elicitor (Cramer et. al., 1989). By using a 

transient expression system, a promoter fragment from the pea PAL gene, gPALI, has been 

identified that is responsible for activation by fungal elicitor (Hashimoto et. al., 1992). PAL 

appears to be regulated by its end product, trans -cinnamic acid, since over expression of the 

bean PAL2 gene in tobacco plants, under the control of the CaMV 35S promoter, caused a 

down-regulation of phenylpropanoid biosynthesis and suppression of endogenous tobacco 

PAL transcripts (Elkind et. al., 1990).

1.3.2 4-Coumarat@ CoA Ligase

The cinnamic acid formed as a product of the reaction with PAL is the precursor of all 

phenylpropanoids. The second enzyme of the phenylpropanoid biosynthesis pathway, 

coumaric acid 4-hydroxylase (C4H), converts cinnamic acid to p -coumaric acid. Coumaric acid 

can then be converted sequentially through caffeic acid to ferulic acid, and to sinapic acid. 

Each of these products can enter several pathways but any one of the coumaric, ferulic, and 

sinapic acids can be converted by the third core enzyme of the phenylpropanoid biosynthesis



pathway, 4-coumarate CoA ligase (4GL), to their corresponding coenzyme A esters (reviewed 

by Bowles, 1990).

The expression of 4CL has been studied in parsley, where the enzyme exists in two isomeric 

forms encoded by single-copy genes (Douglas et. al., 1987). Expression of 4GL is closely 

regulated with that of PAL (Lois et. a!., 1989), being rapidly expressed in a highly localised 

fashion around sites of infection by Phytophthora megasperma (Schmelzer et. a!., 1989). 

Like PAL, 4GL is also wound-inducible (Schmelzer ef. a!., 1989).

Following the action of 4GL, the phenylpropanoid biosynthesis pathway branches into 

pathways that lead to the synthesis of the flavonoid phytoalexins and to the synthesis of the 

precursors of lignin.

1.3.3 Chalcone synthase

The action of chalcone synthase (CHS) on 4-coumaryl GoA to form naringenin chalcone 

(reviewed by Dangl ef. a/., 1989) is the first committed step into flavonoid biosynthesis. 

Parsley contains two alleles of the CHS gene which differ in the possession of a transposon- 

like element in the promoter region of one allele (Herrmann ef. a/., 1988). Parsley CHS is light 

induced, corresponding with the role of flavonoids as UV protectants, and regulatory 

sequences have been identified which are involved in light activation (Schulze-Lefert ef. a/., 

1989). However, the parsley GHS gene is insensitive to other environmental stimuli including 

wounding and pathogen invasion, in contrast, bean contains eight GHS genes which, unlike 

the parsley GHS gene, can be differentially activated by elicitor and wounding, correlating with 

the accumulation of isoflavonoid phytoalexins (Ryder ef. a/., 1987).

The naringenin chalcone formed by the action of GHS then undergoes various reactions to 

give rise to a large range of phytoalexins, pigments and UV protectants.



1.3.4 The llgnin pathway

An alternative phenylpropanoid biosynthesis pathway branch following the production of 4- 

coumaryl CoA occurs through the actions of the enzymes 4-coumaroyl-CoA reductase and 

cinnamyl-alcohol dehydrogenase, which yield 4-coumaryl alcohol, a direct precursor of lignin. 

Coniferyi alcohol and sinapyl alcohol, the other precursors of lignin, are ultimately formed from 

coumaric acid, a product of the action of 4CL (reviewed by Lewis & Yamamoto, 1990). 

Lignification of cell walls requires the polymerisation of these precursors, a reaction requiring 

the presence of hydrogen peroxide and peroxidase enzymes. A wound-inducible 

peroxidase has been identified and cloned from potato (Roberts ef. a/., 1988) and found to 

be induced also by abscisic acid (Roberts & Kolattukudy, 1989), a compound thought to be 

involved in the signalling process (discussed in section 1.8.1). Extracellular peroxidases have 

also been identified from barley which are induced in response to infection with the powdery 

mildew pathogen, Erysiphe graminis (Kerby & Somerville, 1992).

1.4 Defeno® produets that modify the eoll wall

Strengthening of the cell wall is one of the first responses to wounding, providing a barrier to 

prevent dessication and the entry and spread of pathogens (reviewed by Bostock and 

Stermer, 1989). Products formed in this respect include the extensins, also known as 

hydroxyproline-rich glycoproteins (HRGPs) and the giycine-rich proteins (GRPs).

1.4.1 The extenelne (HRGPs)

The extensins are a family of rod-like, hydroxyproline-rich glycoproteins found as structural 

components in plant cell walls which rapidly accumulate in response to wounding or pathogen 

invasion (reviewed by Cassab & Varner, 1988). Localisation studies show that the transcripts 

of HRGP genes are expressed in the meristematic cells (Ye et. al., 1991, and references 

therein) suggesting a possible role in the eariy stages of wail assembly. During cell 

differentiation additional HRGPs may be required depending on the function of different cell



types, for example, tobacco HRGP appears to be specifically expressed at sites of laterai root 

initiation (Keller & Lamb, 1989). The role of extensin in wound healing and disease resistance 

is postulated from the observation that extensin mRNA and protein accumuiate in response to 

wounding and pathogen infection. In this respect it is interesting to note that sunflower plants 

accumulate HRGP transcripts when infected with Sclerotinia sclerotiorum, the agent of white 

mould, and also when treated with oxalic acid, the toxin produced by the fungus (Mouiy et.ai,

1992). Not only does oxalic acid act as a toxin in this particular instance, it also serves to elicit 

the induction of the accumuiation of HRGP transcripts.

HRGPs are characterised by the possession of a repeating pentapeptide sequence of 

Ser(Hyp)4  where Hyp refers to hydroxyproline, formed by modification of proline residues by 

a prolyl hydroxylase associated with the endoplasmic reticulum (Bolwell ef. a/., 1985). The 

extensins are highly glycosylated. For example, an extensin from carrot was found to contain a 

carbohydrate content of 50%, the majority being arabinose and the rest a smail quantity of 

gaiactose (Stuart & Varner, 1980). More recentiy, a histidine-rich extensin has been identified 

in maize which contains 33% arabinose and 31% galactose (Kieliszewski ef. a/., 1992). The 

carbohydrate groups may be involved in stabilising the extensin within the cell wall where it is 

immobilised by peroxidase-mediated tyrosine cross linking. It has been suggested by Bradley 

ef. al. (1992) that the insolubilisation of ceil-wall structurai proteins through oxidative cross- 

linking is one of the first stages of plant defence since it precedes the expression of proteins 

which are reliant on transcription.

Extensins are encoded by multigene families which have been studied extensively in tomato, 

in which three distinct classes of extensins exist. Classes I and II accumulate in a localised 

manner in response to wounding (Showaiter ef. al., 1992), while class IV contains sequence 

characteristic of a glycine rich protein on one DNA strand while the other DNA strand contains 

extensin sequence, both of which accumulate on wounding (Showaiter ef. al., 1991). 

Wounding-associated accumulation of extensin transcripts has also been observed in carrot 

(Ecker & Davis, 1987) and bean (Corbin ef. al., 1987).

A subset of the HRGPs are the proline-rich proteins (PRPs), examples of which have been 

cioned from soybean (Hong ef. al., 1987), wheat (Raines ef. al., 1991) and bean (Sheng e f.



al., 1991). These proteins are characterised by having a high proiine content (reviewed by 

Marcus et. al., 1991). They are thought to play a structural role and are highly associated with 

lignified tissue, particularly the xylem vessel elements (Ye et. al., 1991; Wyatt ef. al., 1992). 

Involvement of the PRPs in the defence response has been observed in bean (Sheng ef. al., 

1991) in which transcript levels were found to increase in response to wounding, although a 

decrease in transcript levels was reported in response to fungal elicitor.

1.4.2 The glycine rich proteins

The glycine rich proteins (GRPs) are characterised by having a glycine content of around 

60%. Genes have been cloned from bean (Keller ef. al., 1988), petunia (Condit & Meagher,

1986) and tomato (Showaiter ef. al., 1991). All show a rapid accumulation of transcript 

following wounding. Isolation of the promoter for the bean GRP has enabled study of 

expression using the reporter gene, GUS, which showed rapid induction following wounding 

in areas immediateiy adjacent to the wound boundary (Keller ef. al., 1989a). Localisation 

studies show that GRP mRNAs are primariiy found in lignified cell walls such as xylem vessels 

elements (Ye ef. al., 1991). Polyclonal antibodies raised against one of the bean GRPs have 

enabled localisation of the protein to the unlignified primary cell walls of the oldest protoxylem 

elements (Ryser & Keller, 1992), suggesting in this instance that the protein is produced by 

xyiem parenchyma cells that export the protein to the wali of xyiem vessels. Ye ef. al. (1991) 

raise the possibility that since both PRPs and GRPs are deposited in cell walls prior to 

lignification, the function of these proteins is to provide a tensiie structure for the 

differentiation of these ceils. Alternatively, the high tyrosine content of both sets of proteins 

may have a catalytic effect on the oxidative polymerisation chain reactions of lignification, 

effectively serving as a type of scaffold for the deposition of lignin (Keller et. al., 1989b).

An alternative function for some GRPs has been put forward by Sturm (1992). Based on the 

homology of a wound-inducible GRP from carrot with various RNA-binding proteins, 

particularly the A l protein of the heterogeneous ribonucleoprotein complex, Sturm suggests 

that the carrot GRP is involved in the maturation or transport of specific mRNAs in response to 

wounding. However, further wori<, such as the localisation of the transcript and protein, is



required in order to confirm this possible function.

1.5 Defene® products with deterrent properties

The phytoalexins are one group of compounds synthesised during the defence response 

with deterrent properties. Other compounds include endohydrolases, protease inhibitors (PI) 

and thionins.

1.5.1 The phytoalexins

The phytoalexins are formed as byproducts from branches of the phenylpropanoid 

biosynthesis pathway. They are classified as low molecular weight compounds with 

antimicrobial activity that accumulate rapidly around sites of infection (reviewed by Kuc & 

Rush, 1985). It has been reported that phytoalexins in groundnuts accumulate in response 

to wounding (Arora & Strange, 1991), but in general phytoalexin accumulation is very much 

associated with pathogen infection. For example, it has been shown that under aerobic 

conditions, the phytoalexins rishitin and phytuberin are produced in potato in response to 

infection by Envinia (reviewed by Lyon, 1989). Rishitin was also shown to inhibit growth of 

Erwinia. The enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMGR) catalyses the rate- 

limiting step in isoprenoid biosynthesis, leading to accumulation of phytoalexins. HMGR is 

encoded by a family, isogenes of which are differentially activated by wounding or pathogen 

challenge (Yang ef. al., 1991).

1.5.2 Endohydrolases

The two most studied endohydrolases are the chitinases and the p-glucanases (reviewed by 

Dixon & Harrison, 1990; Bol et. al., 1990; Bowles, 1990). Both enzymes are members of the 

group of classical pathogenesis-related (PR) proteins, initially isolated from tobacco as a 

consequence of induction resuiting from infection by Tobacco Mosaic Virus (TMV; Legrand,



et al., 1987; Kauffmann, et. al., 1987; reviewed by Bol et. al., 1990, ). Chitinases and p- 

glucanases degrade fungal and bacterial cell walls respectively. The presence of chitinases 

and p-glucanases inhibits fungal growth (Mauch et. al., 1988) while the breakdown of fungal 

cell walls releases elicitors that activate other defence genes (reviewed by Darvill & 

Albersheim, 1984).

Genes for chitinases and p-glucanases have been isolated from many species including bean 

(Hedrick et. al., 1988), potato (Kombrink et. al., 1988) and tobacco (Payne et. al., 1990). 

Analysis of p-glucanases in tobacco revealed the presence of gene families with eight genes 

for acidic p-glucanase and a smaller number of genes encoding basic p-glucanase (Linthorst 

et. al., 1990). The acidic enzymes are secreted into the apoplast, while the basic isozymes 

contain a C-terminal extension that is cleaved during targeting to the vacuoles (van den 

Bulcke et. al., 1989; Linthorst et. al., 1990). Chitinases are also concentrated in the vacuoles 

(Mauch & Staehelin, 1989). It is thought that the chitinases and p-glucanases present in the 

vacuole provide a last line of defence against attack, being released when the host cell lyses 

(Mauch & Staehelin, 1989). The cell wall-localised p-glucanases are thought to be involved in 

recognition, the breakdown of fungal cell walls releasing elicitors to activate other defence 

related genes. Chitinases and p-glucanases are induced by fungal attack (Roby ef. al., 1990), 

ethylene (Vôgeli et. al., 1988) and wounding (Hedrick et. al., 1988). Induction of chitinases 

and p-glucanases occurs less rapidly than the induction of other defence related genes such 

as PAL, with expression spreading from the infection site throughout the infected leaf and 

also to adjacent, non-infected leaves (Schroder et. al., 1992).

1.5.3 Protease Inhibitors

Protease inhibitors (PI) are thought to contribute to the defence response by making plant 

tissue less digestible to insects (reviewed by Ryan, 1990), being inhibitors of animal and 

microbial proteases but not of plant proteases. Studies of protease inhibitors have mainly 

concentrated on the wound-inducible inhibitors found in potato and tomato. PI genes have 

been cloned from potato (Cleveland ef. al., 1987) and tomato (Graham ef. al., 1985a, 1985b). 

Recently, a PI I gene has been cloned from tobacco though, unlike the potato and tomato
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genes, the tobacco gene shows only local induction by wounding (Linthorst et. al., 1993).

Analysis of PI II expression in potato leaves showed that induction by wounding led to a 

systemic response in non-wounded leaves (Peha-Cortes et. al., 1988; discussed further in 

section 1.8.3). Though tobacco contains no genes homologous to the potato PI II gene, 

transgenic tobacco plants containing the potato PI II gene with corresponding upstream 

promoter sequences showed wound-inducible expression in the same manner as that in 

potato (Sanchez-Serrano et. al., 1987), showing that common trans -acting factors 

responsible for wound-inducible expression must be present in both tobacco and potato. 

Potato PI 11 gene expression is greatly enhanced by sucrose, suggesting some metabolic 

control operates besides wound-induction (Johnson & Ryan, 1990). No enhancement by 

sucrose can be detected in non-tuber-bearing species of potato or in tomato (Hansen & 

Hannapel, 1992).

1.S.4 Thionins

The thionins are small, basic proteins found in both monocots and dicots which have toxic 

effects on bacteria, fungi and yeast (reviewed by Bohlmann & Apel, 1991). Their role in 

defence is postulated by the possession of toxicity to a variety of organisms and by the fact 

that their synthesis can be activated by pathogens (Bohlmann et. al., 1988). The thionins 

have been studied most extensively in barley in which they have been found to be encoded 

by a complex muitigene family consisting of 50-100 members per haploid genome (Bohlmann 

et. al., 1988). The leaf-specific thionin genes contain a leader sequence which localises the 

thionins to the cell wall.

1.6 Defeno® g®n@s with unknown funetlons

Many genes have been identified as being induced by wounding or pathogen attack for 

which a function has not yet been assigned. These inciude the potato win and wun genes, 

several classical PR proteins, and a new group of intracellular PR proteins.
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1.6.1 The potato w/m and won genes

Both classes of win and wun genes were isolated by differential screening of a potato cDNA 

iibrary constructed using poly (A)+ RNA isolated from wounded tissue (Logemann et al., 

1988; Shirras & Northcote, 1984). A wound-induced cDNA was used as a probe to isolate a 

genomic clone which was found to contain two genes arranged in tandem, win1 and win2  

(Stanford e t at, 1989). Both genes are highly homologous but intron and flanking 

sequences show very little similarity enabling the construction of probes specific to each 

gene. The two genes exhibit differential organ-specific expression foilowing wounding, with 

win1 expression restricted to leaves and stems while win2 was expressed in the entire plant. 

Analysis of the win2 promoter attached to a GUS reporter gene showed the expected 

wound-inducible expression pattern of wln2 in potato but showed no inducible expression in 

tobacco (Stanford e t at, 1990), an unexpected result considering that win2 gene 

homologues have been detected in tobacco (Stanford et at, 1989). Though the function of 

the win genes is unknown, they share similarities with many plant proteins thought to be 

involved in the defence response, including chitinase and several lectins.

The wun1 and wun2 genes are rapidly and highly expressed in wounded potato tubers, 

being detectable from 30 minutes (wun1 ) to 4 hours (wun2) after wounding. Unlike the case 

with the win2 promoter, the promoter from wun1 imparted wound-inducible expression to 

transgenic tobacco plants (Logemann et at, 1989). Again, the function of the wun genes is 

unknown but 35% homology was found with an anionic peroxidase from potato, an enzyme 

involved in suberisation (Logemann & Schell, 1989).

1.6.2 Pathogenesis-related (PR) proteins

The classical PR proteins were identified as proteins induced in tobacco by infection with TMV 

(reviewed by Bol et at, 1990). Some of the proteins have now been identified as possessing 

chitinase (PR 3) or p-glucanase (PR 2a, PR2b) activity, as described in section 1.5.2.

The functions of other PR proteins is as yet unknown though some do share homology with
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known proteins. Genes for the PR1a, b, and c family have been isolated from tobacco and 

share 60% homology (Gornelissen et al., 1986). A homologue has also been cloned from 

maize (Casacuberta e t at, 1991) which showed increased expression following infection with 

the fungus Fusarium monillforme. The PR-1 proteins are normally targeted to the extracellular 

spaces following induction by pathogen infection or chemical treatment. However, if the 

genes are expressed in specialised cells called crystal idioblasts, the proteins accumulate 

within the vacuole, suggesting that specialised ceil sorting is occurring (Dixon e t at, 1991).

The PR 4 group of proteins is less well characterised than the other groups and includes 

proteins of low molecular weight, for example of 13 kD and 15 kD identified by Pierpoint 

(1986). The PR 5a group show a 65% amino acid homology to thaumatin (Gornelissen e t al., 

1986; Pierpoint e t al., 1987) and also a serological relationship to osmotin (Singh et al., 

1987), a protein involved in sait stress in tobacco that has also been shown to be induced by 

wounding (LaRosa et. at, 1992). A cDNA coding for a thaumatin-like protein has been 

isolated from maize (Frendo ef. at, 1992) that is induced by various stresses including UV 

light irradiation and wounding. The predicted nucleotide sequence shows the presence of a 

signal peptide, suggesting that the protein is secreted into the intercellular spaces in a similar 

fashion to the acidic PR proteins. Little is known about group PR 5b, for which no function 

has been assigned though a serological relationship between other PR 5 proteins and 

proteins in group PR 1 has been reported (Van Loon ef. at, 1987).

1.G.3 Intracellular pathogenesis-related proteins

The intracellular PR proteins are a class of proteins induced by pathogen infection. They 

share no homology with the tobacco PR proteins, though they have similar molecular weights 

to some of the classical PR proteins of around 16-17 kD. The intracelluar PR group are 

distinctive in not possessing signal sequences. Members of the group include the parsley 

PR1-1 proteins, isolated by elicitor treatment of parsley cell cultures (Somssich ef. at, 1988) 

and the bean PvPR 1 and PvPR 2 proteins, also isolated by elicitor induction of bean cell 

cultures (Walter ef. at, 1990). Analogues have been found in pea, birch and potato (Walter 

ef. at, 1990 and references therein), and recently in soybean (Growell ef. at, 1992) and
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asparagus (Warner ef. al., 1992). No function has yet been assigned to the gene products.

1.7 Pmduets Induced as a consaqusnee of oxidative stress

Wounding and pathogen invasion lead to the release of superoxide anions and hydrogen 

peroxide (Salin & Bridges, 1981 ; Thompson ef. al., 1987a; Doke & Ohashi, 1988). 

Superoxide anions and hydrogen peroxide react to produce the highly reactive hydroxyi 

radical (reviewed by Elstner, 1982). These radicals can react with organic compounds to 

produce organic radicals which in turn can react with further compounds, initiating a chain 

reaction (Rabinowitch & Fridovich, 1983). Such chain reactions are the cause of the 

peroxidation of polyunsaturated lipids in biological membranes, the breakdown of which is 

one of the resuits of wounding (Thompson ef. al., 1987a). Production of superoxide radicals 

is also thought to play a role in the hypersensitive death of plant cells, an incompatible 

reaction observed with most pathogens (Doke, 1983; Doke & Ohashi, 1988) resulting in 

death of the host cells with concomitant prevention of the spread and multiplication of the 

pathogen. The role of superoxide anions in the hypersensitive response is discussed further 

in section 1.9.1.

1.7.1 Formation of superoxide anions

Superoxide anions are formed from many oxidation reactions in the cell, most notably in the 

mitochondria with production of oxygen radicals by the electron transfer chain, the final step 

of which is transfer of electrons to oxygen; and in the chloroplasts where superoxides are 

formed by the transfer of electrons to oxygen from the electron acceptor of photosystem I and 

from ferredoxin (Asada & Takahashi, 1987).

1.7.2 Mechanisms Involved In the deactivation of superoxide

Hydroxyl radicals react indiscriminately to cause lipid peroxidation, dénaturation of proteins,
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and the mutation of DNA. The plant has therefore evolved mechanisms to prevent the 

production of hydroxyl radicals by detoxifying superoxide anions and hydrogen peroxide as 

they are formed. Both enzymic and non-enzymic mechanisms are involved in protecting cells 

from oxidative stress (reviewed by Rabinowitch & Fridovich, 1983; Bowler et al., 1992). Non- 

enzymic mechanisms include the production and presence of antioxidants such as ascorbate, 

glutathione, a-tocopherol and carotenoids. The major enzymes involved are superoxide 

dismutase (SOD) which catalyses the dismutation of superoxide anions to produce hydrogen 

peroxide and molecular oxygen; and catalases which convert hydrogen peroxide to water and 

molecular oxygen (reviewed by Scandalios, 1990). The cell is therefore in a constant state of 

balance between superoxide anions being formed and removed. Any imbalance in this state, 

resulting as a consequence of environmental stress, causes an upregulation of SOD and 

catalase enzyme activity.

1.7.3 Types of superoxide dismuiase

Three types of SOD are known to exist which are classified according to the metal cofactor 

present at the active site and can be identified by their sensitivities to cyanide and hydrogen 

peroxide (reviewed by Scandalios, 1990). Cytosolic and chloroplastic Cu/Zn SODs are 

sensitive to both inhibitors, Fe SOD is sensitive only to hydrogen peroxide, while Mn SOD is 

resistant to both. In eukaryotes, the different SODs are highly compartmentalised with the Mn 

SOD being found in the mitochondria, Fe SOD and chloroplastic Cu/Zn SOD in the 

chloroplasts, and the cytosolic Cu/Zn SOD in the cytosol (reviewed by Bowler ef. al., 1992). 

With the exception of a few plants such as mustard and water lilies, Fe SOD is only found in 

bacteria (reviewed by Hassan, 1989).

1.7.4 SOD gene expression

SOD genes have been cloned from a variety of plants including maize (Cannon ef. al., 1987), 

tomato (Perl-Treves ef. al., 1988), spinach (Sakamoto ef. al., 1990), Brussels sprouts (Walker 

ef. al., 1991), petunia (Tepperman et al., 1988), pea (White & Zilinskas, 1991), soybean
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(Crowell & Amasino, 1991), rice (Sakamoto et at, 1992) and Arabidopsis (Hindges & 

Slusarenko, 1992). The Cu/Zn SODs have been most extensively studied and ali show a very 

high degree of homology at the protein level of greater that 70%. SODs are induced by a 

range of environmental stresses that cause an increase in the production of superoxide 

radicals (Perl-Treves & Galun, 1991; Tsang et at, 1991). These stresses include pathogen 

attack which was found to induce a Mn SOD in tobacco (Bowler et at, 1989), and wounding, 

which resulted in an increase in both chloroplastic and cytosolic Cu/Zn SODs in tomato (Perl- 

Treves & Galun, 1991). The type of SOD that is induced depends mainly on the particular cell 

compartment that is undergoing oxidative stress. For example, the plant cell response to 

pathogen invasion involves an increase in metabolism, with the extra respiratory stress this 

imposes on the mitochondria resulting in an increase in the mitochondrial Mn SOD (Bowler 

et at, 1989). Over-expression of Mn SOD in mitochondria was found to reduce cellular 

damage caused by oxidative stress induced in this compartment (Bowler et at, 1991). The 

herbicide paraquat exerts its toxic effects through a free radical mechanism by transferring 

electrons to molecular oxygen and is active mostly in the chloroplasts and to a lesser extent in 

the mitochondria. Application of paraquat to maize resulted in a significant increase in the 

activity of chloroplastic and cytosolic SODs but only in a slight increase in the mitochondrial 

SOD (Matters & Scandalios, 1986), corresponding with the levels of oxygen radicals formed in 

these compartments. Incubation of plants in the dark causes paraquat to exert its effect 

mostly in the mitochondria and by using this technique Bowier e t at (1991) were able to 

show that over expression of MnSOD in the mitochondria of transgenic tobacco plants gave 

increased resistance to paraquat. They also showed that targeting the MnSOD to the 

chloroplasts by replacing the mitochondrial leader sequence with a chloroplast transit peptide, 

gave increased resistance to paraquat during light conditions, showing that it is not the 

particular type of SOD itself which is important but the compartment in which it has an effect.

1.7.5 SOD gene regulation

In general, an increase in superoxide anion production in a particular cell compartment causes 

a corresponding increase in the respective SOD. The mechanism by which this occurs is not 

known but does result in the increased synthesis of protein as shown by in vivo labelling with
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[35s]-methionine (Matters & Scandalios, 1986). All the SODs have been shown to be 

encoded by nuclear genes (reviewed by Scandalios, 1990) so an increase in a particular SOD 

mRNA would require that an increase in superoxide production in the mitochondria, for 

example, sends a mitochondria specific signal to the nucleus to activate only the 

mitochondrial SOD gene. A mechanism to achieve this specific signalling has been 

suggested by Bowler et al. (1992) who postulate that lipid-derived molecules could act as a 

compartment-specific signal. Oxidative events could lead to cleavage of fatty acids specific for 

chloroplastic, mitochondrial, or plasma membranes, leading to the release of a hydrophilic 

molecule that could diffuse to the nucleus. At the nucleus it could interact with specific 

transcription factors to activate the gene for the required SOD enzyme. Biologically active 

lipids exist in mammalian systems (Samuelsson et at, 1987) and lipid-derived molecules such 

as jasmonic acid (discussed further in section 1.8.3) have been shown to induce defence 

related genes.

Partial regulation of SOD activity may be due to the presence of inactive proenzymes. 

Evidence for this comes from the observation that during kernal development in maize, mRNA 

levels of the mitochondrial SOD do not mirror the increase in observed Mn SOD activity (White 

et at, 1990). White et al. (1990) suggest that there is a posttranscriptional event involved in 

regulating the translational output or the half-life of the protein. When yeast are grown in 

anaerobic conditions, Cu/Zn SOD was found to exist as an inactive proenzyme, correlating 

with over expression of metallothionein (Galiazzo e t al., 1991). Evidence also exists that in 

yeast Cu/Zn SOD and metallothionein gene expression are controlled at the level of 

transcription by copper (Carri et at, 1991). Copper regulation of an inactive proenzyme in 

plants may therefore also exist but has not yet been proven.

1.8 Elleltors of the defence response

Elicitors are compounds which, when applied to plant cells, cause an induction of genes 

involved in the defence response. Use of cell cultures has enabled the study of elicitors in 

the expectation that such studies will provide insights into signal transduction pathways 

operating during pathogen and wounding induction. Some elicitors induce responses that
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differ from those when a wounding stimulus is applied. For example, when a promoter from 

one of the bean chalcone synthase genes was attached to the GUS reporter gene to analyse 

responses to elicitors, Doerner et al. (1990) found that the wounding stimulus alone caused 

a slow induction of the GUS gene while application of mercuric chloride to a fresh wound site 

greatly increased the induction rate. Many elicitors have been studied for their capacity to 

induce the defence response including various chemicals and elicitors derived from plant and 

microbial cell walls.

1.8.1 Chemical elicitors

One of the first events detected following either wounding or pathogen invasion is the 

production of ethylene (Smith et al., 1986). PAL, 4-coumarate-CoA ligase, CHS and HRGPs 

have all been found to be induced by the application of ethylene (Ecker & Davis, 1987). The 

response to ethylene requires the presence of calcium, with calcium-deficient plants showing 

a reduced pathogenesis response (Raz & Fluhr, 1992). The reduced form of glutathione also 

induces the defence genes (Wingate ef. al., 1988; Dron et al., 1988; Edwards et al., 1991). 

Other elicitors include xylanase (Lotan & Fluhr, 1990), abscisic acid (Peha-Cortés e t al.,

1989), salicylic acid (reviewed by Raskin, 1992), arachidonic acid (Bostock et at, 1982), 

gibberellic acid (Weiss et al., 1992), and heavy metals such as mercury (Doerner e t al., 1990) 

and vanadate (Steffens et al., 1989).

It is not known how these elicitors function. They may mimic chemicals involved in the signal 

transduction pathway or may themselves be involved in signal transduction, bypassing the 

normal pathway functioning in plants. Ethylene is synthesised following wounding or 

pathogen invasion and mRNAs which may be involved in the synthesis of ethylene are known 

to be induced by wounding (Smith et al., 1986; Wang & Woodson, 1992). A biosynthetic 

pathway has also been proposed for the synthesis of salicylic acid from intermediates of the 

phenylpropanoid pathway (Ward ef. a/., 1991). Reduced glutathione is involved in the 

removal of hydrogen peroxide through the Halliwell-Asada pathway (reviewed in Bowler ef. al., 

1992). The role of hydrogen peroxide as a secondary messenger has been postulated 

(Apostol ef. al., 1989), correlating with an oxidative burst during elicitation of cultured plant
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cells. Rogers et. al. (1988) showed that phytoalexin biosynthesis could be induced in bean 

cells by adding generators of oxygen radicals such as xanthine, suggesting that oxidative 

events may be involved in the initial signalling and induction of defence genes. Arachidonic 

acid is released from membrane phospholipids on celi stimulation (Samuelsson et. al., 1987), 

possibly as a consequence of lipid peroxidation caused by the action of hydroxyl radicals.

1.8.2 Elicitors derived from plant and microbial cell walls

The induction of the defence response by pathogen infection can be mimicked by adding 

elicitors derived from the cell walls of phytopathogenic fungi, leading to the postulation that 

cell wall derived fragments are involved in the activation of the defence response (reviewed 

by Ryan & Farmer, 1991). Fragments from plant cell walls can also induce the defence 

response, providing a possible common elicitor of both the wounding and defence 

responses.

The induction of chitinases and p-glucanases (discussed in section 1.5.2) during the defence 

response provides enzymes which digest microbial cell walls, releasing fragments capable of 

activating further defence proteins in the process. Elicitor activity is associated with p-glucan 

fragments (Darvill & Albersheim, 1984) released during the infection process. Host cell wall 

fragments of oligogalacturonides are released by the activity of fungal and bacterial pectic 

enzymes (Bruce & West, 1982) and also by the action of hydrolases present within the piant 

cell. The degree of polymerisation of oligogalacturonides affects elicitor activity with 

trisaccharides being capable of inducing PAL activity (De Lorenzo et. al., 1987) while longer 

oligomers are required for the induction of phytoalexin biosynthesis in soybean (Nothnagel 

ef. al., 1983).
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1 .8 .3  S ig n a llin g  and ay a tem lca lly  acquired  re s is tan ce  to pests  and  

pathogens

1.8.3.1 Systemic response to pathogens

The induction of the hypersensitive response by incompatible pathogen interactions 

(discussed in section 1.9) leads to the expression of defence genes in locations far removed 

from the initial infection site, imparting a broad range long-term resistance to a variety of 

pathogens. This response is termed systemically acquired resistance (SAR) and involves 

long range signalling by the plant (reviewed by Gianinazzi, 1984).

The phenomenon of SAR has been extensively studied in tobacco following the 

hypersensitive response induced by TMV infection. The traditional PR proteins isolated as a 

consequence of induction by TMV infection are systemicaliy induced and this induction can 

be mimicked by the addition of salicylic acid (reviewed by Bol e t at, 1990). Acquired 

resistance in Arabidopsis has also been shown to be induced by salicylic acid (Uknes et a/., 

1992), leading to the speculation that salicylic acid acts as a systemic signal. It has been 

shown that endogenous salicylic acid accumulates in TMV-infected tobacco (Malamy ef. ai.,

1990) but if tobacco plants are grown at temperatures which prevent induction of defence 

related genes, endogenous salicylic acid levels do not increase (Malamy ef. al., 1992). 

Coordinate regulation of the PR proteins, including chitinases and p-glucanases has been 

shown using exogenous application of salicylic acid (Ward ef. at, 1991). A biosynthetic 

pathway has been proposed for the synthesis of salicylic acid from intermediates of the 

phenylpropanoid pathway (Ward ef. al., 1991). This suggests possibilities for the coordinate 

regulation of the phenylpropanoid biosynthesis pathway, with its role in the hypersensitive 

response, and the regulation of salicylic acid production with induction of the systemic 

response.

The role of ethylene in inducing a systemic response has also been analysed using the 

potato win2 gene (section 1.6.1). Fusions of the win2 promoter attached to the GUS 

reporter gene showed that local wound-inducible expression did not require ethylene, but, if 

present, imparted high expression levels (Weiss & Sevan, 1991). However, systemic
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expression required both the wound stimulus and ethylene, while ethylene alone did not 

affect win2 gene expression.

1.8.3.2 Induction of PI genes

The PI proteins (section 1.5.3) are systemically induced by wounding. However, unlike the 

PR proteins which oniy become detectable in uninfected leaves several days following the 

initial infection (Ward ef. al., 1991), systemically induced PI proteins can be detected 20 

minutes after wounding (Peha-Cortes ef. al., 1988), the same time that they become 

detectable in the wounded leaves. Cell wall polysaccharides released during wounding have 

been shown to induce the PI genes (Bishop ef. al., 1981) and an 18 amino acid polypeptide 

named systemin has been shown to be capable of inducing a systemic reaction in the PI 

genes of tomatoes (Pearce ef. al., 1991). Abscisic acid (ABA) has also been shown to induce 

PI II genes in a systemic manner in potato and tomato (Pefia-Corîés ef. al., 1989) with ABA 

deficient mutants showing a greatly reduced PI response to wounding. Recent work has 

concentrated on the role of jasmonic acid and methyl jasmonate in cell signalling. Methyl 

jasmonate induces the synthesis of PI proteins (Farmer & Ryan, 1990), and also of a leaf 

thionin in barley (Andresen ef. al., 1992). Transgenic tobacco containing the upstream and 

downstream untranslated regions of PI II showed methyl jasmonate induced expression of a 

reporter gene (Farmer ef. al., 1992), and a G-box sequence required for methyl jasmonate 

induced activity has been identified in the promoter region of the potato PI II gene (Kim ef. al., 

1992).

Farmer and Ryan (1992) present a model postulating that systemin, the systemic signal, 

wounding, or oligouronides released as a result of pathogen attack, interact with plasma 

membrane receptors causing the release of linolenic acid from the membrane by the action of 

a lipase. The action of a lipoxygenase, an enzyme that uses molecular oxygen to produce 

hydroperoxides from fatty acids, then converts the linolenic acid to a precursor of jasmonic 

acid. Lipoxygenase activity has been observed to increase in response to the presence of 

methyl jasmonate (Bell & Mullet, 1991; Grimes ef. al., 1992), wounding (levinsh, 1992), and in 

response to infection with pathogenic bacteria (Koch ef. al., 1992). Lipoxygenase activity
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also appears to coincide with ethylene production (levinsh, 1992), a known elicitor of the 

defence response.

Farmer and Ryan (1992) tested various octadecanoids for their ability to activate the PI genes 

but found that only precursors specific for the synthesis of jasmonic acid had inducing activity, 

demonstrating the specificity of jasmonic acid in the intracellular signalling process. The 

involvement of the plasma membrane in the signalling process has previously been 

demonstrated by Thain et al. (1990) who showed that oligosaccharide elicitors of the PI 

genes induced changes in the membrane potential, while Farmer et al. (1991) showed that 

oligogalacturonides enhanced the in vitro phosphorylation of at least three proteins in the 

plasma membrane. The possibility that signals are transmitted throughout the plant as an 

electrical potential cannot, however, be ruled out: Wildon et. ai. (1992) have shown that 

inhibiting translocation in the phloem has no effect on the systemic accumulation of PI 

transcripts and proteins.

1.9 Plant raslstanee and the gene-tor-gene hypothesis

Resistance of plants to pathogens can be classified as horizontal or vertical. Horizontal or 

variable resistance is under polygenic control and is therefore difficult to study genetically. 

Vertical or specific resistance is due to the presence of a major resistance gene which is 

inherited in a Mendelian fashion. Pioneering studies by Flor (1942) using flax as the host 

plant and the flax rust, Melampsora Uni, as a pathogen led to the conclusion that for each 

resistance gene in the host there is a specific and related virulence gene in the pathogen 

(reviewed by Sidhu, 1975). The gene-for-gene hypothesis therefore states that an 

incompatible or resistance reaction occurs when the product of the dominant avirulence gene 

product in the pathogen interacts with the dominant resistance gene in the plant. If either the 

plant resistance gene product or the avirulence gene product are absent then a compatible or 

susceptible reaction occurs. Due to variable and non-host resistance, the compatible reaction 

is a rare occurrence and requires that the pathogen is able to overcome the defence 

response of the plant or is able to detoxify products of the response such as the 

phytoalexins. Various modeis have been put forward to explain the -gene-for-gene
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hypothesis including the elicitor-receptor model and the ion channel defence model 

(reviewed in Gabriel & Rolfe, 1990), but no particular model has yet been substantiated. The 

biochemical basis of resistance of maize to the fungal pathogen Cochliobolus carbonum race 

1 has been determined and shown to be due to the possession of the dominant aliele of the 

nuclear locus hm (Meeley et. al., 1992). Resistant lines possess the enzyme HC-reductase 

which inactivates HC-toxin produced by the pathogen, a toxin that imparts specific 

pathogenicity to maize.

1.9.1 The hypersensitive response

An incompatible interaction is characterised by the so-called hypersensitive response which 

leads to localised host cell death and induction of SAR. The invading pathogen remains 

localised, being prevented from spreading throughout the plant by the fact that the living 

tissue around the site of necrosis rapidly becomes resistant (reviewed in Fritig et. a!., 1987). 

Resistance is conferred by the induction of genes involved in the defence response. The 

same gene products are also induced in a compatible reaction; the differences between the 

compatible and incompatible reactions appear to be due to the rapidity and extent of 

induction of certain genes. For example, study of a compatible and incompatible reaction in 

French bean (Ptiaseolus vulgaris ) showed that in the incompatible reaction PAL and CHS 

transcripts were detectable rapidly in tissue localised mainly around the site of infection, 

whereas in the compatible reaction there was no early accumulation of these transcripts, with 

the response being delayed and more widespread (Bell et. ai., 1986). A similar study using 

tobacco cell suspensions indicated the presence of two distinct groups of mRNAs involved in 

the defence response: group I were induced 3-7 fold higher in the incompatible response 

when compared with the compatible response, whereas group II contained mRNAs which 

were induced to the same extent in both reactions (Godiard et. ai., 1991). Schroder et. ai. 

(1992) present evidence that p-glucanases and chitinases are members of group il since both 

protein and mRNA distribution patterns were the same in both compatible and incompatible 

interactions.

Involvement of superoxide radicals in the defence response has been demonstrated by the
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induction of phytoalexin biosynthesis in bean cells by the addition of oxygen radical 

generators (Rogers ef. al., 1988), and by the inhibition of phytoalexin accumulation in 

legumes by the addition of oxyradical scavengers (Epperlein et. al., 1986). A requirement for 

lipoxygenase has also been demonstrated by Vaughn and Lulai (1992) who showed that a 

potato tuber callus line lacking lipoxygenase activity did not undergo a hypersensitive 

response when elicitor was added, whereas rapid cell death occurred in tuber callus lines 

containing lipoxygenase activity.

There is evidence that superoxide, SOD and iipoxygenase are involved in determining the 

establishment of a compatible or incompatible interaction. Koch et. al. (1992) showed that in 

an incompatible interaction between tomato and pathogenic bacteria, lipoxygenase mRNA 

was induced within 3 hours, whereas in the compatible interaction accumulation of the mRNA 

was induced much later. In both the reaction of potato with Phytophthora Infestans and the 

reaction of tobacco with TMV, there is evidence of a superoxide-generating NADPH-oxidase 

bound to the plant cell membrane that is stimulated immediately following invasion by an 

incompatible pathogen (Doke, 1983; Doke & Ohashi, 1988; reviewed in Bowler et. al., 1992). 

Also, in interactions of tomato roots infested with the nematode Meloidogyne incognita, SOD 

activity was seen to increase marl^edly in the compatible reaction, but no induced SOD activity 

was observed in the incompatible reaction which underwent a hypersensitive response 

(Zacheo & Bleve-Zacheo, 1988). High SOD activity has also been detected in the compatible 

interaction between pepper plants and Phytophthora capsici, unlike the incompatible 

interaction which showed relatively low SOD activity (Hwang et. ai., 1991). These 

observations indicate that the formation of superoxide radicals may play a direct role in 

establishing the hypersensitive response with superoxides and related oxygen species 

causing the destruction of plant cells via such processes as lipid peroxidation. In a compatible 

interaction, the rapid induction of SOD activity detoxifies the oxygen radicals and rapid 

localised cell death does not occur. Alternatively, superoxide or hydrogen peroxide could act 

as secondary messengers with signal transduction capabilities being modified depending on 

the compatibility or incompatibility of the reaction.
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1.10 Engineering resistance

The compatible plant-pathogen interaction is a rare occurrence when all possible plant and 

pathogen combinations are considered. However, modern agricultural practice has severely 

limited the number of plant species used as food crops which, in turn, has created problems 

due in part to the uniformity of crop growth. In natural populations, for example trees, the 

spread of disease is inhibited by the presence of a mix of trees. In uniform plantations there is 

no natural barrier to the spread of disease so if a virulent form of a pathogen arises (a frequent 

occurrence due to a high mutation rate) the effect is devastating. The aim of plant breeders is 

therefore to provide a constant supply of crop cultivars varying in the number and types of 

resistance genes they possess to outsmart the pathogen. However, there are many 

problems with plant breeding which are outlined below.

1.10.1 I he llmliatlone to plant breeding

Breeding to introduce one characteristic into a desirable line is a very time consuming 

business. Initial crosses have to be made to transfer the required quality into the new line. 

Several backcrosses then have to be made to the original desired line to retain all the qualities 

of the line while continuing to select for the new quality. Also, the introduction of a new 

characteristic with retention of all other advantageous qualities may not be possible if 

desirable genes are linked to undesirable phenotypes, for example, resistance to a particular 

pathogen linked to a low yield.

There are many limitations to conventional plant breeding; for example, there is only a limited 

gene pool available restricted by sexual incompatibility (reviewed by Lindsey, 1992). Also, 

genetic variation is presently decreasing because of an invasion of the habitat of natural plant 

varieties by cultivated crop plants. These generally have a limited genetic base due to 

centuries of inbreeding and selection by man resulting in the rapid replacement of a large pool 

of wild endogenous plants with plants possessing only a small genetic base. The narrowing 

of genetic diversity in plants has therefore made it desirable to pursue interspecies transfer. 

The ideal situation, to eliminate the element of chance in crop breeding, would be to isolate a
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single gene conferring the required characteristic and transfer this directly to the desired line. 

It is in this situation that genetic engineering can play a role.

1.10.2 The edvantages of genetic engineering

Gene transfer, using the Agrobacterium tumefaciens Ti plasmid as vector for introducing 

foreign DNA into plant cells (Hernalsteens et. al., 1980; Ream & Gordon, 1982), eliminates 

many of the disadvantages of crop breeding. The ability to introduce individual genes 

bypasses the problem of linked genes and also of the necessity of backcrossing to retain the 

required qualities of a line. The available gene pool is extended to include all organisms, 

providing endless possibilities. For example, plants have been transformed with genes 

imparting resistance to specific herbicides (for example De Block et. al., 1987). Of particular 

interest in this case was the fact that the resistance gene was isolated from the bacterium 

Streptomyces hygroscopicus (Thompson et. al., 1987b) opening the possibility that genes 

for a number of characteristics could be acquired by isolating bacterial mutants.

The major disadvantage of genetic engineering with present technology is that transfer is 

limited to one or only a very few genes. Routine transformation of the most important crops, 

the cereals, has also not yet been achieved. Crop breeding wiil therefore continue to play an 

important role in these situations and also in the selection of traits encoded by many genes, 

such as polygenic resistance.

1.11 Compounds with potential for genetic eng ineering of 

reslstanee

Any compound with proven antimicrobial or anti-pest properties has the potential to be used 

in engineering resistance, examples of which are described below. Viral components, for 

example the expression of coat protein, have also been shown to increase resistance to viral 

infections. Ideally, the compound used should be encoded by just one gene for the 

purposes of genetic engineering, which eliminates compounds such as the phytoalexins
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which require complex biosynthetic pathways.

1.11.1 Sac///u@ f/iur/ng/ens/s (Bl) toxin

The Bt toxin is a family of proteins which together provide toxicity against a variety of insects 

(reviewed in Whiteley & Schnepf, 1986). Ingestion of the toxin by insects leads to its 

breakdown and release of active 6-endotoxins in the alkaline environment of the midgut. The 

toxin has been used as a biological insecticide by spraying directly onto crop plants but 

cloning of the gene has now enabled its expression in transgenic plants. Expression of Bt 

toxin in transgenic tobacco plants (Vaeck ef. al., 1987) and tomato plants (Fischhoff et. al., 

1987) has been shown to protect the plants from feeding damage caused by insect larvae.

1.11.2 Products of the plant defence response

Supplementation of the defence response may be achieved by introducing further products 

known to be involved in the response. Chitinases and p-glucanases are natural candidates 

with their known antifungal activities but most work has concentrated on the protease 

inhibitors known to exert deleterious effects on insects (reviewed by Ryan, 1990). 

Expression of the cowpea trypsin inhibitor gene in tobacco plants was shown to improve 

resistance to insect damage (Milder et. al., 1987), while constitutive expression of PI I and II in 

tobacco also increased resistance to insect damage (Johnson et.al., 1989).

1.11.3 Viral components

The phenomenon of cross protection, in which inoculation of a plant with a mild strain of virus 

imparts protection to more virulent strains, prompted research into the mechanism of this 

protection. One model proposed was that coat protein produced by the first infection 

encapsidates the RNA of any succeeding viral challengers and so prevents its replication. 

This model was tested by Abel et. al. (1986) who discovered that tobacco plants transformed
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with the TMV coat protein gene were resistant to subsequent TMV infections. Resistance is 

thought to be conferred by a delay in disease development (Nelson et. al., 1987). This type 

of protection is called coat protein mediated protection and has now been demonstrated in 

many cases (reviewed by Beachy et. al., 1990; Gadani et. al., 1990). Resistance to viruses 

has also been achieved by expressing viral satellite RNAs (for example Harrison ef. al., 1987; 

Gerlach et. al., 1987), and an open reading frame encoding a putative viral replicase gene 

(Braun & Hemenway, 1992). The mechanism by which these achieve resistance is not known 

but is thought to be due to interference of the normal virus replication process.

1.11.4 Insect Immune proteins

Bacterial infections in insects resuit in the induction of peptides containing antimicrobial 

activity which are secreted into the haemolymph (reviewed by Boman & Hultmark, 1987; 

Boman et. al., 1991). Many families of antibacterial peptides have been identified including 

lysozymes, cecropins and attacins (Boman, 1986) which are all involved in the insect immune 

response. Though the peptides act in a synergistic fashion (Hultmark et. al., 1983) the 

majority of the antibacterial activity is contributed by the cecropins (Boman & Hultmark, 1987).

The cecropins are small, highly basic proteins of approximateiy 3.5 kD containing only 35-39 

amino acid residues. NMR studies indicate that cecropins have a structure consisting of two 

amphipathic a helixes joined by a hinge region (Boman, 1991). The cDNAs for the cecropins 

from the Cecropia moth, Hyalophora cecropia, have been isolated (van Hofsten et. al., 1985; 

Lidholm et. al., 1987) and indicate that the cecropins are made as larger precursor proteins 

whereas iysozyme, by comparison, is synthesised with only the addition of a signal peptide 

(Boman, 1991). Besides insects, cecropins have also been isolated from mammalian systems 

in the form of a porcine cecropin (Lee ef. al., 1989) which shares a degree of similarity at the 

amino acid level ranging from 64% to 75% with two insect cecropins, containing 12 identical 

amino acid residues in 36 positions with cecropin B from the Cecropia moth. The porcine 

cecropin differs from the insect cecropins in that it lacks a C-terminal amide thought to 

contribute to the broad spectrum activity of the insect cecropins (Li et. al., 1988). Isolation of 

cecropins from a broad range of species suggests that antibacterial peptides may form a
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ubiquitous means of defence against bacterial infections since an antibacterial defence based 

on only RNA and protein synthesis is faster and under greater control than immune systems 

which are dependent on cell division (Lee et. al., 1989). The possession of antibacterial 

activity and the requirement for only a single gene to ensure their production has prompted 

suggestions for the use of cecropins in genetically engineering resistance to bacterial 

pathogens in plants (for example, Jaynes et. al., 1987).

1.12 Alms of this thesis

The project aims are to explore strategies that may in the future allow the use of genetic 

engineering to increase resistance in plants to bacterial infections. A major objective will be to 

use a promoter activated at sites of wounding to drive the production of a secreted 

antibacterial protein.

1.12.1 The problems of soft rot

Bacterial diseases were targeted because though they may be of lower economic importance 

than viral or fungal diseases, continual destruction of crops in successive seasons can greatly 

affect the profitability of a crop. Examples of bacterial infections which cause major probiems 

include bacterial wilt of potato and tomato caused by Pseudomonas solanacearum, fire blight 

of pear caused by Erwinia amyiovora, and losses in rice caused by Xanthomonas campestris 

(reviewed by Billing, 1987). Bacteria such as Erwinia carotovora are also the cause of soft rot 

spoilage of many vegetables, a common storage problem particularly in potatoes (reviewed by 

Lund, 1983; Beukema & Zaag, 1990). The susceptibility of potatoes to soft rot during 

storage is of particular concern to major distributors such as the company Dalgety PLC, who 

kindly provided part of the funding for this project.

The bacterial soft rots are opportunistic pathogens to which potatoes are normally resistant 

(reviewed by Lyon, 1989). However, under appropriate conditions of high humidity in an 

anaerobic atmosphere, such as may occur during storage, all varieties of potato are
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susceptible. The problems of storage are exacerbated by the fact that Erwinia are soil- 

dwelling bacteria and easily gain entrance to tubers through the lenticels and through wounds 

caused during the harvesting process and so cannot be excluded prior to storage. A novel 

approach to engineering resistance to soft rot is therefore required since there are no specific 

resistance genes which may be transferred into desirable varieties through more traditional 

methods of crop breeding.

The approach to be used in this particular case would be to engineer the secretion of 

antibacterial substances at wound sites since these are the main entry points for Erwinia. 

Though Erwinia also enters tubers via the lenticels, the bruising around wound sites 

containing softened tissue make an especially attractive breeding ground for the bacteria. It is 

expected that multiplication and spread of the bacteria within tuber tissue would be prevented 

from the area of the wound site. The aims of this individual thesis are therefore to initially 

study the secretion of an antibacterial substance, and also to search for a suitable promoter to 

be used to activate the secretion of an antibacterial substance.

1.12.2 Secretion of an antibacterial substance

Insect immune proteins containing antibacterial activity are secreted into the haemolymph 

while some plant defence proteins, such as the chitinases and p-glucanases, are secreted 

into the intercellular fluid (discussed in section 1.5.2). This suggests that secretion forms an 

important component of the defence system and, for maximum impact, proteins containing 

toxic activity towards microbes should be secreted into the intercellular fluid.

Cecropin was chosen as the antibacterial agent to be studied in this project because it is 

active against both Gram positive and negative bacteria and there is evidence that it is also 

effective against some fungi (Destefano-Beltran e t al., 1990). Cecropins act in a 

stoichiometric fashion and are believed to form channels in bacterial lipid bilayer membranes in 

a similar fashion to the defensins, antimicrobial peptides found in neutrophils and 

macrophages (Kagan et al., 1990). No effect of cecropins on erythrocytes has been noted 

with resistance thought to be due to a lack of affinity (Steiner et al., 1988): consumption by
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humans and other animals is not therefore thought to be a probiem. The effect of cecropin 

against some piant protopiasts has been investigated (Nordeen et. al., 1992) and showed 

that the lethai concentration for the protopiasts was up to 70 times higher than that required to 

have a iethal effect on bacteriai phytopathogens, indicating that the use of cecropins in piants 

is feasible. Porcine cecropin was specifically chosen In preference to the insect cecropins 

because it is active without the C-terminai amide thought to confer broad spectrum activity to 

the insect cecropins (Li et. a!., 1988). The C-terminal amide may be specific to insect hosts 

and not be processed correctiy within piant ceiis.

Many secreted products have been identified in piants including some of the defence-reiated 

proteins and enzymes such as the amylases. Though signal sequences from various 

organisms vary wideiy in sequence, they share common structurai properties of a 

hydrophobic domain and a signal peptidase cleavage site, enabling recognition in diverse 

systems (Gierasch, 1989). At the start of this project very iittie information concerning signai 

peptides in piants was avaiiabie. Recently, hen egg white lysozyme has been successfully 

expressed in transgenic tobacco with its own 18 amino acid signai peptide (Trudei et. a!., 

1992), though in this case no more than 10% of the iysozyme activity was found secreted into 

the interceiiular fiuid. Lund and Dunsmuir (1992) have aiso recentiy shown that the efficiency 

of secretion of the bacteriai protein ChiA in transgenic tobacco couid be greatly improved by 

repiacing the bacteriai signai sequence with a plant-derived signai from the protein PRIb. 

They suggest that the use of a piant signai improves the abiiity of the bacteriai protein to enter 

the piant secretory pathway.

The secretion signal chosen in this project for studying the secretion of antibacteriai 

substances at wound sites was that from wheat a-amylase. The amylase is naturaiiy secreted 

from the aieurone of wheat into the endosperm during germination. The secretion signai from 

wheat a-amyiase has been shown to function effectiveiy in yeast (Rothstein et. al., 1984) 

where it is recognised both in its natural internal location and aiso when it is iocated N- 

terminaiiy (Rothstein et. al., 1987). Efficient recognition of the wheat amyiase signai enabled 

yeast to be used as a test system to study the secretion of cecropin and the results from this 

study are presented in chapter 3.
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1.12.3 Search for an Inducible promoter

An inducible promoter is required to ensure that the antibacteriai substance is oniy 

synthesised when required and so prevent problems, such as yield loss or interference of 

normal metabolic processes, that may resuit as a consequence of constitutive expression of a 

foreign protein. Transgenic plants containing foreign proteins of plant origin appear to shown 

no deieterious effect on yield when grown in controiied growth room conditions (Milder & 

Gatehouse, 1991) but the introduction of an insect protein may affect piant processes. Once 

transgenic piants containing the foreign protein were produced, effects on yieid could be 

assessed in field trials. Ideally, the promoter should be induced by a signai not invoived in 

estabiishing the compatibiiity or incompatibiiity of a pathogen interaction. Many pathogens 

such as the soft rot bacteria gain entry through wound sites, requiring the initial puncturing of 

the outer piant tissue layers prior to infection. A wound-inducibie promoter would therefore 

appear to be an ideal choice with inducibiiity not dependent on a specific pathogen but on the 

more universal response to wounding.

Previous work at Leicester concentrated on the use of an asparagus ceii cuiture system in 

which wounded ceiis were generated mechanicaiiy and which represents an enriched source 

of wound-induced genes (Harikrishna et. al., 1991). The validity of this approach has been 

confirmed by Grosset et. al. (1990) who showed that many mRNAs synthesised by tobacco 

protopiasts are wound-inducibie. The mechanicaiiy isoiated ceii system invoives grinding 

asparagus ciadodes using a pestle and mortar and placing the isolated cells into media, where 

they remain viabie and continue to grow and divide (Figure 1.1). The asparagus system has 

been used to isoiate genes shown to be inducibie by wounding (Warner et. al., 1992) leading 

to subsequent isoiation of a wound-inducibie promoter, idealiy, the promoter used should be 

activated within one to two days by the wound stimuius in preparation for pathogen attack and 

then activation maintained to ensure sustained resistance to pathogen invasion around the

wound site. Two-dimensional gel analysis of poiy (A)’’" RNA isoiated from mechanicaiiy

wounded asparagus cells identified a family of genes showing these required characteristics 

(Figure 1.2). One member of this family, named DD1, was identified as a candidate for cloning 

since its expression profiie appeared to fit that required. An antibody was made to the protein 

and an N-terminai amino acid sequence obtained. Chapters 4 and 5 describe the successful
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Figure 1.1

a) Asparagus fern showing ciadodes.

b) Asparagus mechanically isolated cells produced by grinding ciadodes and placing into 

suitable cell culture medium. Viable cells contain intact chloroplasts.
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Figure 1.2

Two-dimensional gel analysis of in vitro translated poly (A)+ RNA isolated from day 0 and day 2 

following single cell isolation of asparagus cells. The DD1 group is shown.
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cloning of DD1 and subsequent expression analysis.

During the course of the work, an asparagus wound-inducibie promoter became available. 

The characterisation of this promoter in transgenic potato plants in response to wounding and 

pathogen invasion is descibed in chapter 6.

The approach of using a wound-inducibie promoter attached to a cecropin gene has been 

suggested and attempted (Destefano-Beltran et. ai, 1990) but without apparent success. 

The approach outlined above differs significantly in including the secretion of cecropin and in 

the use of a synthetic cecropin gene optimised for expression in piants.

in summary, the aims of the work presented in this thesis were: 1) to study the secretion of 

cecropin in yeast (chapter 3); 2) to clone a candidate gene whose expression profile indicated 

that it would provide a suitabie promoter (chapters 4 and 5); and 3) to analyse the expression 

of an asparagus wound-inducibie promoter in transgenic potatoes (chapter 6).
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CHAPTER

M A T E R IA L S  A N D  M E T H O D !

This chapter describes the materiais and methods used to obtain the results described in the 

succeeding resuits chapters.

2.1 Materials

2.1.1 Chemicals

Ail chemicals were obtained from either Sigma, BDH, Ciontech or Pharmacia uniess otherwise 

stated. Oligonucieotides used as primers in PGR reactions were obtained from the DNA 

synthesising faciiity in the Biochemistry Department, Leicester University. Deionised destiiied 

water (QH2O) was prepared using a Miiii-Q reagent water system (Miliipore).

2.1.2 Nucleotides

Nucleotides were obtained from Pharmacia. Labelied nucleotides were supplied by 

Amersham; a-dATP at a concentration of 370 MBq/ml and with a specific activity greater 

than 22 TBq/mmoi; [®^P] a-dCTP at a concentration of 370 MBq/mi and a specific activity of 

110 TBq/moi; and [^^P] y-dATP at a concentration of 370 MBq/mi and a specific activity of 110 

TBq/moi.
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2.1.3 Enzymes

DNA modifying enzymes were suppiied by Bethesda Research Laboratories (BRL), 

Pharmacia, Stratagene or Boehringer Mannheim. Taq poiymerase was obtained from CamBio.

2.1.4 Plant material

Asparagus officinalis cuitivar Conover’s Collosai seeds were purchased from Nickersons 

seeds. These were germinated and grown for six weeks in John innes number 3 compost in a 

greenhouse at 25°G under normal daylight hours.

Potato tubers {Soianum tuberosum cuitivar Desiree) for transformation purposes were 

obtained from the Daigety Food Technoiogy Centre, Cambridge, and stored in the dark at 

4T). Tubers were no longer used once sprouting had occurred.

2.1.5 Bacterial host strains and plasmids

2.1.5.1 Bacterial strains

EsGh&rlGhia GOli X LI-b lues (Buiiock et. ai., 1987): recA l, endA^, gyrA96, th i-t, hsd  

R17, supE44, re/AI, lac, [F pro AS, /ac/9ZAM15, TnlO (fef’’ )].

This strain was used as a host for the ampiification of piasmids described beiow. E. coil were 

grown in either LB (10 g Bacto-tryptone, 5 g Bacto-yeast extract, 10 g NaCI, deionised water 

to 1 litre, pH adjusted to 7.0 using 5 M NaOH prior to autoclaving) or NZY (10 g Difco Casein 

hydroiysate, 5 g NaCi, 5 g Difco bacto-yeast extract, 2 g MgS0 4 .7 H2 0 , compieted and 

autoclaved as for LB). Liquid cuitures were piaced in a Gaiienkamp orbital incubator at 200 

rpm at a temperature of 37'C for 16 hours. Soiid agar piates were prepared by adding 15 g 

Difco bacto-agar per iitre of iiquid medium prior to autoclaving and growth allowed to occur at 

37°C in a LEEC incubator for 16 hours. Ceiis retaining the F" piius were selected by growth in 

the presence of 12.5 pg/mi tetracycline.
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ÂgrobaGîiBrlum Sum@faei&ns pG V2260 (Debleare et. al., 1985) and L B A 4404  

(Hoekma et. al., 1983).

These strains were used as hosts tor vectors such as pBiN19 which can be transferred into 

piants via Agrobacterium -mediated transformation. The hosts are disabied and do not cause 

crown-gaii disease but possess the viruience factors required for transfer of DNA between the 

T-DNA borders into host genomic DNA. Both contain a chromosomaiiy iocated rifampicin (Rf)- 

resistance marker allowing seiection in the presence of 100 pg/ml Rf. The strain pGV2260 

also contains an ampiciiiin (amp)-resistance marker aiiowing seiection with the addition of 100 

pg/mi amp. The bacteria were grown in LB at a temperature of 25'C for up to 48 hours.

Aii bacterial stocks were stored in the form of giyceroi stocks, made by adding 1.2 ml of a 16 

hour {£. coll) or 48 hour {A. tumefaciens) liquid cuiture to 300 pi of giyceroi, fiash freezing in 

iiquid nitrogen and storing at -TO'C.

2.1.5.2 Plasmids

pBluescrlpl (Short et. a/., 1988; Stratagene cioning systems).

This is a muiti-purpose piasmid vector derived by repiacing the pUC19 poiylinker with a 

synthetic poiyiinker containing 21 unique restriction sites. Piasmids containing DNA inserted 

into the poiylinker site can be seiected by a blue/white colour assay. The assay is possibie 

because the vector carries DNA derived from the lac operon of E. coll, encoding the amino- 

terminai fragment of p-gaiactosidase, surrounding the poiyiinker site. The synthesis of this 

fragment can be induced by the presence of isopropyl thio-p-D-galactoside (IPTG) and is 

capable of complementation with a defective form of p-gaiactosidase encoded by the host, 

such as E. coll XLI-biues. On exposure to iPTG both fragments of the enzyme are 

synthesised and biue coionies are formed when piated on media containing the chromogenic 

substrate 5-bromo-4-chioro-3-indoiyl-p-D-gaiactoside (X-gal). insertion of DNA into the 

poiyiinker site inactivates the amino-terminai fragment of p-galactosidase, giving rise to white 

coionies.

Other features of pBluescript reievant to this thesis are: the possession of the f1 origin of
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replication from the f1 fiiamentous phage aiiowing rescue of singie-stranded DNA for 

sequencing upon co-infection with helper phage; an inducible lac promoter upstream from a 

lacZ gene allowing the production of fusion proteins which may be detected with antibody 

probes; and the possession of T3 and T7 bacteriophage promoters aiiowing in vitro synthesis 

of strand-specific RNA. The plasmid contains an amp resistance marker and is seiected in the 

presence of 100 pg/mi amp.

Of reievance to this piasmid is the phage vector A.-ZAP (Short et. at., 1988; Stratagene 

cloning systems). This vector allows the insertion of up to 10 l(b of DNA and is used in the 

construction of cDNA iibraries. it contains muitiple cloning sites within piasmid sequences that 

can be excised In vivo with the aid of a heiper phage and converted to the piasmid vector, 

pBiuescript. Phage particles were stored in SM (5.8 g NaCi, 2 g MgS0 4 .7 H2 0 , 50 ml of 1 M 

Tris-HCI pH 7.5, 5 ml of 2% gelatin, deionised water to 1 litre) containing 1 drop of chioroform 

at 4^0.

pBIN19 (Bevan, 1984).

This is a wide host range binary cloning vector used for Agrobacterium -mediated DNA 

transfer to plants. The vector contains a kanamycin (km)-resistance mariner and is seiected in 

the presence of 50 pg/mi km.

p i l l  01 (Jefferson ef. a/., 1987).

This is a générai purpose vector for constructing gene fusions to the reporter gene p- 

giucuronidase (GUS). It was made by ligating the coding region of GUS to the 5’ end of the 

nopaiine synthase polyadenylation site in the poiyiinker site of pBiN19.

Plasmids constructed during the course of the work are introduced in the reievant text.

8.1.0 Yeast host strains and plasmids

The yeast host strain used for the resuits obtained in chapter 3 was Saccharomyces 

cerevlslae JRY188: MATa; s/r3-8; leu2-3, 112; ura3-52\ ft/s4; rme. Cells were either grown
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in rich YPD medium (5 g Bacto-yeast extract, 10 g Bacto-peptone, 10 g glucose, deionised 

water to 500 mi) or in minimai medium (Difco Semi Defined medium prepared according to 

manufacturer’s instructions with the addition of 2% giucose, required amino acids at 20 pg/mi, 

uracil at 1 pg/ml). In the case of JRY188 the required amino acids were trp, his and leu. 

Growth in iiquid medium took piace in a Gaiienkamp orbital incubator at 200 rpm at a 

temperature of SO'C for periods of up to 48 hours in YPD and 72 hours in minimai medium. 

Lids were taped on iooseiy to ailow CO2  produced to escape. Soiid agar piates were 

prepared by adding 15 g Difco bacto-agar per litre of liquid medium prior to autociaving and 

yeast growth aiiowed to occur at 30T) in a LEEC incubator for periods of time as described for 

iiquid medium.

The piasmid vector used to obtain the resuits in chapter 3 was pEMBLyex4 (Cesareni & 

Murray, 1987). This is an expression vector containing an inducibie gaiactose promoter with a 

ura marker gene, and transformants are selected in ura- host strains such as JRY188 on 

media deficient in uracii.

2.1.7 Potato pathogens

Some of the resuits obtained in chapter 6 required the infection of transgenic potato piants 

with piant pathogens.

2.1.7.1 PAytop/ifAofs /nfesfans

The P. infestans isoiate used was number 36609, race 3,4 which was grown on rough rye 

agar (60 g rye soaked for 36 hours in haif quantity water, boiied for 1 hour and then macerated 

in a biender, 15 g agar, 20 g sucrose, water to 1 iitre). Growth occurred in the darl< for 6 days at 

16‘C, after which time the sporangia were scraped off with a smali voiume of water. Zoospores 

were reieased by placing the sporangia at 4°C and then continuing incubation at room 

temperature. Zoospores are released as the temperature of the water rises. The zoospores 

were used to infect potato leaves.
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2.1.7.2 Efw/fî/s Gamîovom

E. caroîovora pv caroîovora isolate 177 was grown for 24 hours in LB in a shaking waterbath 

at 27"C with 200 strokes per min.

2.1.7.3 PotBlO Virus Y (PVY)

A common isoiate of PVY at the Scottish Crop Research Institute (SCRi) was used, inocuiant 

was prepared by removing the ieaves from an infected piant and grinding them up in water 

using a pestie and mortar. The resuiting suspension was then frozen untii required.

The majority of the methods described here are based on those found in Sambrook et. al. 

(1989) and Draper et. al. (1988) in which further expianations and detaiied references can be 

found.

2.2 Extraetlon and quantification of maeromoleeules

2.2.1 Nucleic acid extractions

isolation of nucleic acids basicaily invoives breaking open the tissue containing the required 

nucleic acids and then various purification steps to eiiminate protein and undesirable RNA or 

DNA. Phenol is most commonly used to remove protein, while different alcohols containing 

varying sait concentrations are used to differentialiy separate the nucleic acids.
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2.2.1.1 Plant DNA extraction

After Murray and Thompson (1980).

Genomic DNA was isoiated for the purpose of Southern biotting (2.4.1). Piant materiai was 

frozen in iiquid nitrogen and stored at -80°C or used fresh. Approximateiy 10 g of piant tissue 

was piaced in a pre-cooied pestie and mortar and ground under iiquid nitrogen. This was then 

piaced in a 50 mi phenoi resistant tube and incubated with 2 x OTAB (100 mM Tris-HOi pH 8.0,

1.4 M NaCi, 20 mM EDTA pH 8.0, 2% OTAB (w/v), 40 mM p-mercaptoethanoi) at 1 mi/g tissue 

for 30-60 mins at OO'C, shaking the tube occasionaiiy. The suspension was then extracted 

with an equal volume of phenol: chloroform: isoamyl-alcohol (25:24:1) with the tube being 

mixed by inversion. The two phases were separated by centrifugation and the top aqueous 

phase removed to a new tube. To this was added 0.1 volumes of 10% OTAB (10% OTAB 

(w/v), 5.0 M NaCI) prewarmed to 60°C and the components mixed. The aqueous phase was 

then re-extracted with phenol: chloroform: isoamyl-alcohol. After centrifugation, nucleic acids 

were precipitated from the aqueous phase by addition of 2.5 volumes of cold absolute 

ethanol with the tube being ieft on ice for 10 mins. The nucleic acids were coilected by 

centrifugation for 10 mins at 4000 rpm. They were then washed twice with 0.5 ml 70 % (v/v) 

ethanol, left to air dry and redissolved in a suitabie quantity of distilled water (usually 1-3 ml). 

Insoluble matter, mainly carbohydrate, was removed by centrifugation with the supernatant 

retained. RNA present in the nucieic acid mix was digested using RNase at a final 

concentration of 0.1 mg/mi of nucieic acid solution with incubation for 1 hour at 37°G. DNA 

was then precipitated by adding 0.1 volumes of 2 M sodium acetate pH 5.6 and 3 volumes of 

absolute ethanol with the peilet coiiected by centrifugation. The final DNA pellet was 

dissolved in an appropriate voiume of distiiied water (approximateiy 1 mi) and its concentration 

measured spectrophotometricaily.
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2.2.1.2 Plan* RNA extraction

After Covey and Hull (1981).

RNA was extracted for the purpose of northern blotting (2.4.2). Plant material stored at -80°C 

was ground in a pre-cooled pestle and mortar under liquid nitrogen untii it resembled a fine 

powder. Grinding buffer (6% (w/v) 4-aminosaiicyiate, 1% (w/v) triisopropyl naphthalene 

sulphonate (Kodak), 6% (v/v) phenol, 50 mM Tris-HCI pH 8.4) at 2 ml/g tissue was added and 

grinding under iiquid nitrogen continued. Whiie stiii frozen the materiai was transferred to a 50 

mi phenoi resistant tube and allowed to thaw in the presence of an equai volume of phenol: 

chloroform: isoamyl-alcohol with periodic mixing. Once thawed, the mixture was centrifuged 

and the upper aqueous phase re-extracted with phenoi: chioroform: isoamyl-alcohoi. The 

aqueous phase was removed into a new tube and nucleic acids precipitated by the addition of 

0.05 volumes 4 M sodium acetate pH 6.0 and 2.5 voiumes absolute ethanol with incubation 

on ice for 10 mins. The nucleic acids were coiiected by centrifugation at 10,000 rpm for 10 

mins at 4"C. They were ieft to dry on the bench and then dissolved in a smail voiume of water, 

usuaiiy 100-300 pi. Differentiai precipitation of RNA was achieved by the addition of 3 

volumes of 4 M sodium acetate pH 6.0 and leaving at -20T) for 20 mins. The RNA was then 

collected by centrifuging in a microfuge, washed in 200 pi 70% (v/v) ethanol and air dried. 

After dissolving in distiiied water the concentration was measured spectrophotometricaiiy, the 

RNA diiuted to a final concentration of 5 mg/mi and stored at -80'C.

2.2.2 Quanilflcallon of nucleic acids

The concentration of nucleic acids was measured spectrophotometricaily using a duai beam 

spectrophotometer (Perkin-Eimer Lambda 5 UV/ViS). DNA and RNA concentrations were 

determined at OD2 0O and OD280  respectiveiy and a scan obtained from 200 to 300 nm to 

obtain some indication of sampie purity.
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2.2.3 Extraction of protein

Fresh or pre-frozen tissue samples were ground with acid-washed sand under iiquid nitrogen 

using a pestie and mortar. Protein extraction buffer (100 mM Tris-HCI pH 8.0,5 mM DTT, 5 mM 

EDTA pH 8.0) was added at 0.5 ml/g tissue fresh weight and 0.02 voiumes of 200 mM PMSF 

and grinding continued untii a consistency of fine powder was reached. Frozen tissue was 

then transferred to 1.5 mi microfuge tubes and centrifuged for 10 min at 4"C. Protein- 

containing supernatant was removed, concentration measured and samples stored at -TOT).

2.2.4 Quanflflcaflon of protein

Protein concentrations were caicuiated using the Bradford assay (Bradford, 1976) in a 

microtitre piate. Weiis were fiiied with 200 pi of Bradford’s soiution (600 mg/i Coomassie 

briiiiant blue G-250, 2% (v/v) perchloric acid, settied overnight and fiitered through Whatman 

number 1 paper) to which were added 10 pi of protein sampie. Standards were prepared 

using Bovine serum albumin and the microtitre piate read by a Dynatech MR5000 microtitre 

plate reader. The reader was programmed to calculate the concentration of protein samples 

directly.

This is a method of separating molecuies under the appiication of an electric field based on 

differences in moiecuiar weight or in foided structure. DNA fragments were separated for 

sequencing (2.10), Southern biotting (2.4.1), and gel electrophoresis was also used in 

various methods in the manipuiation and modification of DNA (2.9). RNA fragments were run 

on gels for the purpose of northern blotting (2.4.2). Protein samples were applied to gels for 

western blotting (2.5) and for the purpose of performing in gel enzyme assays (2.14.3). In all 

cases gel electrophoresis was aiso used as a method of assessing the quaiity of sampies.



2.3.1 DMA agarose gel electrophoresis

Gels of 0.7 to 1.2% (w/v) agarose were prepared in 1 x TAE buffer (40 mM Tris-acetate pH 8.0, 

1 mM EDTA, 0.5 pg/ml ethidium bromide) depending on the size of the DNA fragments to be 

separated. Prior to ioading and running the DNA sampies, 0.2 voiumes of loading buffer were 

added (0.25% (w/v) bromophenoi blue, 0.25% (w/v) xylene cyanol FF, 30% (v/v) glycerol in 

water). Eiectrophoresis was carried out at 1-10 V/cm in 1 x TAE buffer. Mariner DNAs of known 

size were run alongside sampies to enabie an estimate of fragment size to be made when the 

gei was viewed on a UV trans-iiiuminator (UVP inc.). The gel was photographed using a video 

camera (UVP inc.) and video processor (Mitsubishi), if the gel were to be Southern blotted it 

was photographed aiongside a ruier to enable estimation of DNA fragment sizes following 

hybridisation.

2.3.2 RNA formaldehyde gel electrophoresla

Geis of 1.2% (w/v) were prepared by meiting an appropriate amount of agarose in water. After 

cooiing to GO'G, 10 x MOPS buffer (200 mM MOPS pH 7.0, 50 mM sodium acetate pH 7.0, 10 

mM EDTA pH 8.0) was added to give a finai concentration of 1 x, and formaldehyde added to 

give a 2.2 M finai concentration. RNA sampies were prepared by mixing up to 30 pg of RNA in 

steriie water in a total volume of 6 pi with 12.5 pi of deionised formamide, 2.5 pi 10 x MOPS 

buffer, and 4 pi 37% (v/v) formaidehyde in a steriie microfuge tube. The sampies were then 

incubated at 65T) for 5 mins, 2.5 pi tracking dye (50% (v/v) giyceroi, 0.1 mg/mi bromophenoi 

biue) added, and run in 1 x MOPS buffer at 3-6 V/cm. Ribosomai RNAs were used as 

moiecuiar mass markers and were visualised using UV iight after staining with ethidium 

bromide (0.5 pg/mi in 0.1 M ammonium acetate) for 45 mins. Geis were photographed 

aiongside a transparent ruier to enabie transcript sizes to be estimated foiiowing northern 

biotting.



2.3.3 DMA sequencing gels

A Bio Rad seqencing gei kit was used with giass plates of 20 cm x 40 cm x 0.5 mm. The top 

plate was siliconised with Sigmacote and the base sealed according to manufacturer’s 

instructions. The gel mix was made by combining 80 mi of 6% (w/v) gei solution, prepared by 

mixing 34.11 g DNA sequencing grade acryiamide, 1.8 g N,N’-methylenebisacryiamide, 252 g 

urea, 60 mi 10 x TBE buffer (108 g Tris base, 5.8 g EDTA, 55 g boric acid, deionised water to 

1 iitre) and deionised water to 600 mi, with 480 pi AMPS and 64 pi TEMED and poured 

between the piates using a 50 mi syringe. A "shark’s tooth” comb was inserted and the gel 

allowed to polymerise. The gei was pre-run in 1 x TBE buffer at 2700 V until a gel temperature 

of 50T) was reached before samples were loaded. Electrophoresis was then continued at 

2300 V to maintain the gel temperature.

Following electrophoresis, the plates were dismantled and the gel transferred to 3MM 

Whatman paper. This was covered with Saran wrap and the gei dried down onto the paper 

using a Biorad gel slab vacuum drier. Autoradiography was usuaiiy carried out for 1-3 days 

depending on the number of radioactive counts detectabie.

2.3.4 Polyacrylamide gel electrophoresis (PAGE) of prote ins

A Bio Rad protein minigei kit was used in electrophoresis of proteins for both in situ gei assays 

and western biotting with the kit being assembied according to manufacturer’s directions.

Denaturing and native geis were prepared in exactly the same manner with the SDS being 

omitted from the native gei mix and from the running buffer.

The foiiowing tabie gives amounts of constituents used in preparing the bottom resoiving 

geis varying in the percentage of bis-acryiamide:



Gel percentage 7.5% 10% 15% 20%

Distilled water 4.9 mi 4.1 mi 2.4 ml 0.8 ml

1 M Tris-HCI pH 8.8 2.5 mi 2.5 mi 2.5 ml 2.5 ml

Bis-acrylamide * 2.49 mi 3.325 ml 4.99 ml 6.65 ml

10% SDS 100 pi 100 pi 100 pi 100 pi

*Bis-actylamide in the proportions 0.8%:30%.

The top stacker gei was the same regardiess of the percentage of the resolving gel and was 

prepared by mixing the foiiowing:

Distiiied water 3.25 ml

0.5 M Tris-HCI pH 6.8 1.25 ml

Bis-acrylamide 0.5 ml

10% (w/v) SDS 50 pi

Constituents for the resolving gel were mixed and de gassed before adding 37 pi 10% (w/v) 

AMPS and 3 pi TEMED. The gel was then poured and overlaid with 700 pi 1:1 water: propan- 

2-ol and aiiowed to set for 15 min. Once the gei had set the overiay was removed and the 

stacker gei mixed. After de-gassing, 15 pi of 10% (w/v) AMPS and 5 pi of TEMED were added 

and the stacker poured on the bottom gei, the gel comb set in place and allowed to set for 30 

min. Gels were run at 200 V for 45-60 min in glycine running buffer (14.4 g glycine, 3 g Tris 

base, 1 g SDS, deionised water to 1 litre) untii the biue dye present in the ioading buffer 

reached the bottom of the gel.

Protein sampies to be run on denaturing geis were prepared by adding 15-100 pg of protein 

in a voiume of 30 pi distiiied water to 0.25 voiumes of 4 x cracking buffer (2% (w/v) SDS, 20% 

(v/v) p-mercaptoethanoi, 40% (v/v) giyceroi, 0.25 M Tris-HCi pH 6.8, 0.01% (w/v) 

bromophenoi blue). Samples were boiled for 2 min to denature the protein and immediateiy 

piaced on ice until loaded onto the gel. Samples to be run on native gels were added to the 

same cracking buffer containing no SDS and were ioaded immediateiy.
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2.4 Nuelale aeld blotting

2.4.1 Southern blotting

Modified after Southern (1975).

This technique enabies the transfer of DNA fragments from agarose geis (2.3.1) to a nyion 

membrane enabiing the detection of homoiogous bound sequences by probing with a 

known segment of DNA. DNA gels run as described in 2.3.1 were prepared for Southern 

blotting by initially placing the gei in 2-3 voiumes of depurinating soiution (0.25 M HCi). After 

10 mins the gei was transferred to 2-3 volumes of denaturing soiution (0.5 M NaOH, 1.5 M 

NaCi) for 30 mins to 2 hours and then finally to neutralizing solution (3.0 M NaCi, 0.5 M Tris-HCi 

pH 7.4) for 40 mins to 2 hours. The gel was then rinsed in distiiied water and transfer carried 

out as described for northern blotting (section 2.4.2).

2.4.2 NoMhern blotting

Modified after Lehrach et. ai. (1977).

This procedure enabies the transfer of RNA to a nyion membrane, enabling the detection of 

transcribed sequences using a known fragment of DNA as probe. Following eiectrophoresis 

as described in 2.3.2, RNA geis were rinsed in distiiied water and biotted without further 

treatment.

Both DNA and RNA geis were biotted in the same manner as described below with the only 

exception being that in the case of RNA geis care was taken to ensure that equipment was 

free from RNases by cleaning aii equipment with DECON.

Gels were blotted in a tray containing 20 x SSC (3.0 M NaCi, 0.3 M Na citrate, pH 7.0) into 

which was piaced a heavy duty sponge. Two pieces of 3MM Whatman paper cut to size were
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placed on the sponge and allowed to soak up 20 x SSC. The gel was placed on the paper 

and a piece of Hybond-N (Amersham) carefuiiy iaid on the gei making sure that no bubbies 

were trapped. Cling film was then placed over the areas of the tray not covered by the filter to 

ensure that movement of the 20 x SSC occurred through the Hybond-N. Two pieces of 3MM 

soaked in 20 x SSC were then placed on top of the filter followed by four pieces of dry paper. 

On top of this was piaced a stack of absorbant paper toweis and a water-fiiied bottie 

(approximateiy 500g) and the nucieic acids aiiowed to transfer by capillary action to the fiiter 

overnight. The filters were then rinsed in 3 x SSC and dried prior to fixing.

2.4.3 Bacterial colony blotting

This method is a modification of Southern biotting, aiiowing the detection of hybridising 

sequences contained within piasmids present in bacteria without having to first isoiate the 

plasmid DNA and eiectrophorese it on an agarose gei. it was used to detect cioned fragments 

of DNA foiiowing iigation to vector DNA (2.9.4) and transformation into a bacteriai host (2.9.5). 

Bacterial colonies were grown overnight on NB agar piates (9 cm diameter) containing 

appropriate antibiotic. A Hybond-N fiiter of 82 mm diameter was piaced on the coionies for 1 

min and the fiiter orientated using hoies made with a needie. After this time the filter was 

removed and placed colony-side up on 3MM Whatman paper soaked in denaturing soiution 

for 5 min. it was then transferred to 3MM paper soaked in neutraiising soiution for 5 min. The 

filter was finally washed in 2 x SSC prior to drying and fixing.

2.4.4 Fixing blots
X

Nucieic acids were fixed onto Hybond-N fiiters by placing the fiiter, nucieic acid side down, on 

a UV transiiiuminator for 2 mins.



2.5 Western blotting

This method provided a means of transferring proteins to ceiiuiose membranes which could 

then be reacted with antibodies to detect specific proteins. PAGE mini geis were run as 

described (2.3.4). The apparatus used was disassembied, the stacker gei removed and the 

resoiving gel placed on a piece of Hybond-C nitroceiiuiose fiiter cut to size. The gei was then 

electroblotted using a Mllllblot SDE system (Mllllpore) acceding to manufacturer’s Instructions. 

After blotting, the filter was put in a smaii sandwich box containing Ponceaus stain for 5 min 

and then rinsed with distiiied water. Ponceaus stains protein bands pink and is a method of 

checking that protein transfer was successfui. Stain was removed by washing in TBS (50 mM 

Tris-HCI pH 7.4, 200 mM NaCi) containing 0.1% (v/v) Tween 20. The fiiter was then piaced in 

blocker (TBS with 0.1% (v/v) Tween 20 and 3% (w/v) dried miik - Matvei) and ieft overnight at 

4^0. The foiiowing morning the fiiter was transferred to primary antibody buffer (TBS with 10% 

(v/v) giyceroi, 10% (w/v) Marvei), the appropriate diiution of antibody added and left on a 

rocking piatform at room temperature for 1.5 hours. The filter was washed 3 times for 15 min 

each in TBS containing 0.1% (v/v) Tween 20 on a rocking piatform. it was then piaced in 

secondary antibody buffer (TBS with 1% (w/v) Marvei), the appropriate dilution of secondary 

antibody added and the fiiter ieft on a rocking piatform for 40 min. The fiiter was then washed 

3 times for 10 min each in the same wash solution as described above and finaiiy rinsed in 100 

mM Tris-HCI pH 8.0. Treatment of the filter from this point was dependent upon the conjugate 

attached to the secondary antibody.

Since the primary antibodies used were Invariably made In rabbits the secondary antibodies 

were goat/anti-rabbit with varying conjugates (obtained from Sigma), if the conjugate was 

aikaiine phosphatase a choice of two substrates were routineiy used. The first substrate was 

Fast Red (Sigma) which invoived transferring the filter to 20 ml 100 mM Tris-HCI pH 8.0 

containing 2 mg Naphthol-AS phosphate (Sigma), previousiy dissoived in DMF, and 20 mg of 

Fast Red. The filter was then placed, covered with foil, on a rocking piatform for 10-30 min 

until the colour had developed. Filters were rinsed in distiiied water and stored in 1% (v/v) 

ethanoic acid. The second substrate involved using BCiP and NBT. The fiiter was rinsed as 

before and then piaced in 20 mi of 100 mM Tris-HCi pH 9.5, 100 mM NaCi, 5 mM MgCl2 . To 

this was added 330 pi of BCiP (made up as a stock of 30 mg/mi in DMF) and 660 pi of NBT



(made up as a stock of 50 mg/ml in 70% (v/v) DMF). The purpie colour develops almost 

immediately. The filter was rinsed twice in distiiied water and dried by placing between 3 MM 

fiiter paper. Fiiters were stored dry.

If the conjugate attached to the secondary antibody was biotin, fiiters were rinsed and piaced 

in secondary antibody buffer containing the appropriate diiution of Extravidin-alkaiine 

phosphatase conjugate (Sigma). They were agitated for 1 hour at room temperature and 

washed 3 times in wash solution described above. Filters were blotted dry and then treated in 

the same manner as for secondary antibody/aikaiine phosphatase conjugate. The biotin 

conjugate was used to impart greater sensitivity since 2 moiecuies of extravidin bind to 1 

moiecule of biotin giving 2 reactive moiecuies for every antibody bound to the filter.

2.6.1 Radio-labelling o1 double-stranded DNA probes

After Feinberg and Vogelstein (1984).

Double-stranded DNA probes were used routinely in Southern and northern biotting and for 

coiony and piaque hybridisations. Probe stock was prepared by suitable restriction digests 

(2.9.1) and separation of DNA on agarose geis (2.3.1). The gei slice containing the required 

DNA was removed from the gel and the DNA purified by Genecieaning (2.9.2).

Oiigo iabeliing buffer (OLB) was prepared by mixing 2 volumes of solution A (625 pi 2 M Tris- 

HCi pH 8.0, 25 pi 5 M MgClg_ 18 pi p-mercaptoethanol, 5 pi 0.1 M dATP, 5 pi 0.1 M dTTP, 5 pi 

0.1 M dGTP, 350 pi distilled water) with 5 volumes of solution B (2 M HEPES pH 6.6 titrated 

with NaOH) and 3 voiumes of solution C (hexadeoxyribonucieotides suspended eveniy in 3 

mM Tris-HCI pH 7.0,0.2 mM EDTA pH 7.0 at 90 ODggg units/mi).

Probes were iabeiied by placing 3.0 pi OLB, 0.6 pi BSA (DNase free), 1.5 pi [^^P] a-dCTP and 

0.6 pi of DNA polymerase I Klenow fragment in a 1.5 mi screw-capped tube. To this was
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added 10-20 ng of probe stock in 9.3 pi distiiied water, preboiied to denature the DNA, and 

the mixture incubated at 37T) for 1 hour. After this time, 85 pi of distilled water were added. 

Incorporation of labei into the probe was measured by removing 1 pi of probe into a tube 

containing 0.5 ml herring sperm carrier DNA (0.5 mg/mi in 20 mM EDTA). DNA was 

precipitated by adding 125 pi of 50% (w/v) TCA with unincorporated counts removed by 

fiitering through a Whatman GF/C disk in a fiiter tower and washing twice with 10% (w/v) TCA 

and once with 100% ethanoi. This filter provided a measure of incorporated counts. A 1 pi 

aiiquot of the probe was pipetted onto a second GF/C disk to provide a measure of 

unincorporated counts. Counts were measured by iiquid scintiiiation counting. If 

incorporation proved to be acceptabie (approximateiy 70%), the probe was boiied for 3 mins 

and added to hybridisation solution.

2.6.2 End-labelling of oligonucleotides

Labelied oligomers were used in library screening and were prepared by combining 1.0 pi of 

oiigomer (50 pmoie of ends) with 2.0 pi 10 x T4 poiynucieotide kinase buffer (500 mM Tris-HCi 

pH 7.6, 100 mM MgCi£, 50 mM DTT, 1 mM spermidine, 1 mM EDTA pH 8.0, to voiume with 

distiiied water), 10.0 pi [^^P] y -dATP, 6.0 pi distiiied water and 1.0 pi (10 units) T4 

poiynucieotide kinase (Pharmacia) in a screw-capped 1.5 ml tube. After mixing, the tube was 

incubated at 37"C for 1 hour. To eiiminate unincorporated iabei, the probe was precipitated by 

adding 40 pi distiiied water, 240 pi 5 M ammonium acetate, and 750 pi cold absolute ethanol. 

After leaving on ice for 30 min, the tube was centrifuged in a microfuge for 10 min, the probe 

washed with 70% (v/v) ethanoi and air dried, it was then dissoived in 100 pi of TE (10 mM Tris- 

HCi pH 7.5, 1 mM EDTA pH 7.5) and added to hybridisation buffer, incorporation was 

measured approximateiy using a Geiger counter.

2.7 Pr@-hybrldlsatlon and hybridisation of filters

Both hybridisation and pre-hybridisation of fiiters were carried out in the same soiutions and 

consisted of 6 x SSPE (from a 20 x stock: 3.0 M NaCi, 0.2 M NaH2 P0 4 .2 H2 0 , 0.02 M EDTA,
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to pH 7.7 with 1.0 M NaOH), 5 x Denhardt’s reagent (from a 50 x stock: 2% (w/v) each of BSA, 

Ficoll 400, PVP), 0.5% (w/v)SDS and 100 pg/mi sheared herring sperm DNA. Hybridisation 

soiution for Southern biotting (2.4.1) was made up in distiiied water whiie hybridisation 

solution for northern blotting (2.4.2) contained 50% (v/v)de-ionised formamide.

The purpose of pre-hybridisation is to biock sites on the membrane to which the probe may 

bind non-specificaiiy and was carried out by piacing fiiters in an appropriate chamber, adding 

hybridisation soiution to a depth of 2-3 mm and leaving for 2-5 hours. DNA blots were left at 

60-65T) and RNA blots at 42"C. Labelled probe was then added and hybridisation continued 

at the same temperature for 4-5 hours for high copy number target sequences or overnight 

for iow copy number sequences.

2.7.1 Washing stringency conditions

Filters were washed at 60'C initially in wash A (3 x SSC, 0.1% (w/v) SDS) with severai changes 

of wash soiution. if the counts present on the fiiters were stiii high, the fiiters were transferred 

to a higher stringency wash, wash B (0.5 x SSC, 0.1% (w/v) SDS) and washing continued untii 

the counts on the fiiter dropped or until no further counts could be detected in the wash itself. 

Filters were then dried between sheets of Whatman 3 MM paper and wrapped in Saran wrap.

2.7.2 Auloradlography

Autoradiography was carried out using )(-ray fiim (Amersham Hyperfiim-MP) in a cassette fitted 

with an intensifying screen. Cassettes were ieft at -70®C for periods ranging from severai 

hours to 3 weeks depending on the radioactivity detectabie on the fiiter.

2.7.3 Stripping of filters

On some occasions it was prudent to strip fiiters of any attached Iabeiied probe and re-use the
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filter in a fresh hybridisation reaction. This enabied the direct comparison of iabeiled bands on 

different autoradiographs.

DMA filters were stripped by piacing at 45‘C for 30 min in 0.4 M NaOH, and then at 45'C for 15 

min in 0.1 X SSC, 0.1% (w/v) SDS, 0.2 M Tris-HCi pH 7.5.

RNA filters were stripped by piacing at 65°C for 1-2 hours in 5 mM Tris-HCI pH 8.0, 2 mM EDTA 

pH 8.0, 0.1 X Denhardt’s reagent.

Filters were judged to be successfully stripped when radioactive counts were no longer 

detectable.

2.8 Llbrery screening

Screening a cDNA library enabies the identification of phage plaques containing a desired 

sequence. The sequence can be identified by homology to a known fragment of DNA used 

as a probe in a simiiar fashion to Southern blotting (2.4.1), or, if an antibody probe is available, 

plaques can be identified in a manner similar to western blotting (2.5) by inducing them to 

express proteins transcribed and transiated from the target DNA. The iibrary used for 

screening whose results are described in chapters 4 and 5 was obtained from Dr. Simon 

Warner (Botany, Leicester University), it was constructed in the phage vector X-ZAP (see

2.1.5.2), using poly (A)"*” RNA isolated from a mixture of 1 -3 day old cultured asparagus cells.

2.8.1 Plating out phage libraries

Before the iibrary could be plated out, phage-competent E. coli cells were prepared. This 

invoived growing an overnight cuiture from a singie colony of XL1 -blue cells in LB containing

12.5 pg/ml tetracyciine. The following morning, 1 ml of the overnight culture was added to 50 

ml LB containing 0.2% (w/v) filter-steriiised maltose, 10 mM MgSO^ and 12.5 pg/ml
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tetracycline and grown to an ODggg of 0.5. The cells were then pelleted by centrifuging at

4,000 rpm for 10 min at 4'C and resuspended in a half volume of cold 10 mM MgSO^. Phage- 

competent cells were stored at 4°C and were used for up to 2 weeks.

Library phage stock was diluted to the required titre (stated in the relevant text) using SM, 

mixed with 300 pi of phage-competent celis and ieft at room temperature for 5 min. To this 

was added 10 mi of molten top agar (NZY broth, 0.7% (w/v) agar) at 50°C and the mix poured 

onto a 140 mm Petri dish containing NZY agar. The plate was gently swirled to mix and 

allowed to harden before incubating overnight at 370. Plaques were visible as clear zones 

on a turbid lawn of bacteria.

2.8.2 Plaque IIMs for hybridisation with DNA probes

After removing from the incubator, plates containing phage were placed at 4T5 for 30 min to 

allow the agar to harden. Circles of Hybond-N, 132 mm in diameter, were placed onto the 

plates for 1 min. Duplicate filters were left on the same plates for 2 min. The filters were 

orientated by piercing with a needle while the plates were marked at corresponding points 

with a felt tipped pen. The filter was then peeled off the plate and placed phage-side up on a 

tray containing Whatman 3 MM paper soaked in denaturing solution. After 5 min the filter was 

transferred to paper soaked in neutralising solution for 5 min. It was then rinsed in 2 x SSC, 

dried and fixed using UV light.

2.8.3 Screening using double-stranded DNA probes

Probes were labelled (see 2.6.1) and pre-hybridisation, hybridisation, washing and 

autoradiography carried out in the same manner as for Southern blotting (2.4.1).
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2.8.4 Screening using end-labelled oligonucleotides

Filters were prepared as described in 2.8.2 and placed in prehybridisation solution at 60‘C for 

3 hours. The filters were then removed to oligo hybridisation solution which consisted of the 

following: 3.0 M tétraméthylammonium chloride, 0.01 M NagPO/} pH 6.8, 1 mM EDTA pH 7.6,

2.5 X Denhardt’s reagent, 0.5% (w/v) SDS and 100 pg/ml sheared herring sperm DNA. The 

probe, labelled as described in 2.6.2, was boiled and added to the hybridisation solution and 

the filters left overnight at a temperature 5-10'C below that of the calculated Ti. Fitters were 

first washed in 6 x SSC, 0.1% (w/v) SDS at room temperature and then in wash A also at room 

temperature before being placed on film.

The addition of tétraméthylammonium chloride (TMACi) enabies the hybridisation 

temperature to be increased since hybridisation becomes independent of the GC content of 

the oligonucleotide and dependent solely upon the length of the oligomer used (Melchior & 

Hippel, 1973; Jacobs et al., 1988). This is important when degenerate oligomers are being 

used since an increase in hybridisation temperature greatly Increases the stringency of the 

reaction. Ti is melting temperature measured in the presence of TMACI and is calculated by 

applying the equation contained in Jacobs ef. a/. (1988).

2.8.5 Screening using antibodies as probes

The phage library (constructed in lambda ZAP) was plated out (see 2.8.1) at a density of 2000 

pfu per 140 mm Petri dish and incubated at 42°C for 3.5 hours or until cleared zones the size 

of pinpricks had appeared. The plates were overlaid with Hybond-C nitrocellulose filters that 

had previously been soaked in 10 mM iPTG (to induce protein expression) and dried and then 

the plates incubated overnight at 37"C. The following morning the plates were removed from 

the incubator and the filters marked for orientation purposes. The plates were then placed at - 

70'C for 5 min to allow the agar to harden and facilitate removal of the nitrocellulose filters. 

Filters were carefully peeled off the agar and placed in TNT (10 mM Tris-HCi pH 8.0, 150 mM 

NaCI, 0.05% (v/v) Tween 20) and rinsed before placing in a fresh batch of TNT and leaving on 

a rotating shaker at room temperature for 30 min. Filters were transferred to blocking buffer
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(TNT containing 5% (w/v) dried milk - Marvel) and left on a rotating shaker overnight. Filters 

were then placed into blocking buffer containing the appropriate dilution of primary antibody 

and agitated for 2 hours at room temperature. Excess antibody was removed by washing the 

filters firstly in wash 1 (TNT with 0.15% (w/v) Marvel), then wash 2 (as wash 1 plus 0.1% (v/v) 

Nonidet P40) and lastly in wash 3 (as wash 1). The filters were then transferred to secondary 

antibody in blocking buffer and left on a rotating shaker for 1.5 hours. After this time washes 1 

to 3 were repeated to remove excess antibody. Treatment of filters from this point was 

dependent upon the conjugate attached to the secondary antibody and is described in the 

section on western blotting (2.5).

2.8.6 Removal and storage of positive plaques

Positive plaques were removed by placing the narrow end of a Pasteur pipette over the 

plaque and using a teat to suck the plug of agar into the pipette. The piug was then expelied 

into a 1.5 ml microcentrifuge tube containing 1 ml of SM (5.8 g NaCI, 2.0 g MgSO^.THgO, 50 

mM Tris-HCI pH 7.5, 2% (v/v) gelatin solution, distilled water to 1 litre) and 2 drops of 

chloroform and stored at 4'C. Titre was measued by plating out dilutions made in SM.

2.8.7 Excision of pBluescrlpt from A -̂ZAP

Once a positive phage stock had been identified, the Bluescript plasmid was rescued by 

mixing 50 pi of phage stock in SM with 200 pi phage-competent cells and 10 pi R408 helper 

phage (10^ pfu) in a 1.5 mi tube. After incubating for 15 min at 37°C, 5 mi of NZY broth was 

added and the tube placed in a shaker at 37°C for 3-6 hours. The tube was then placed in a 

water bath at 70°C for 20 min to kill the cells and the phage while allowing the rescued 

phagemid to survive. The dead cells were removed by centrifuging for 5 min in a 

microcentrifuge with the phagemid-containing supernatant being retained. Plasmid was 

recovered by mixing 20-200 pi of phagemid stock with 100 pi of phage competent cells, 

spreading on NZY agar plates containing ampicillin at 100 pg/ml and incubating overnight at 

37°C. Colonies that grew contained double-stranded Bluescript plasmid and could be
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amplified and purified as described in 2.9.6 and 2.9.7.

2.0 Manlpuletlon and modification of DNA

DNA can be manipulated using a variety of enzymes enabling stretches of DNA to be cloned 

and amplified. Restriction enzymes recognise 4 or 6 bp palindromic sequences and cut the 

DNA in a very specific fashion, leaving cut ends which can be joined, using DNA ligase, to 

other pieces of DNA cut using compatible restriction enzymes. Following ligation, the DNA 

can be transferred into E. coli cells to allow amplification.

2.9.1 Restriction digestion of DNA

DNA was digested to provide fragments to be cloned and also to provide vectors cut with 

compatible restriction enzymes into which required fragments could be inserted. Digests 

were carried out according to manufacturer’s instructions (BRL). A typical digest contained

1.0 pg DNA, 1 pi 10 X restriction enzyme buffer (supplied by manufacturer), 0.5 pi (5 units) 

restriction enzyme and made up to a volume of 10 pi with distilled water. If the DNA 

preparation used contained large amounts of contaminating RNA, 1 pi of RNase at 0.5 mg/ml 

was added. Reactions were left at the required temperature for periods ranging from 1 to 3 

hours.

Vector DNA was prepared for ligation following digestion by adding an equal volume of 

phenol; chloroform: isoamyl-alcohol, mixing the contents and centrifuging for 5 min in a 

microfuge. DNA was precipitated by adding 3 volumes of absolute ethanol, leaving at -70'C 

for 10 minutes, centrifuging for 10 min in a microfuge, washing with 70% (v/v) ethanol, and 

then drying and redissoiving the pellet of DNA in distilled water. This procedure effectively 

removed the restriction enzyme from the digested DNA. A total of 1 pg of digested DNA was 

dissolved in a final volume of 20 pi of distilled water and 1 pi of this (approximately 50 ng) used 

in a ligation reaction.
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2.9.2 Purification of DNA fragments from agarose gels

Digested DNA was frequently run on agarose gels to separate fragments. The required 

fragment was then purified from the gel using solutions provided in the Geneclean kit (BiO 

101 Inc.). The gel slice was placed in a 1.5 ml microcentrifuge tube, 2-3 volumes of 6 M Nal 

added, and the tube placed at 50°C for 5 mins or until the gel slice had melted. The glassmilk 

was vortexed, 5 pi added to the melted gel slice and left on ice for 5 mins to allow the DNA to 

bind to the glassmilk. The bound DNA was then pelleted by centrifuging in a microfuge at

13,000 rpm for 5 secs and the supernatant discarded. The pellet was washed 3 times by 

resuspending in 200 pi of NEW wash, centrifuging for 5 secs and removing the supernatant. 

After all traces of NEW wash had been removed, the pellet was resuspended in 10 pi of 

distilled water and the tube incubated at SOT) for 3 mins to elute the DNA from the glassmilk. 

The tube was then centrifuged for 30 secs and the DNA-containing supernatant removed to a 

new tube and stored at -20°C.

2.9.3 Déphosphorylation of DNA

If vector DNA was digested with only one enzyme, reclrcularisation of the vector during 

ligation was prevented by dephosphorylating the 5’ ends. This disables the ligase from 

joining both ends and ligation will only occur with a fragment of DNA that contains an intact 

phosphate group at the 5’ end. Following digestion of 2 pg vector with the relevant restriction 

enzyme, the DNA was extracted with phenol: chloroform: isoamyl-alcohol and precipitated 

with absolute ethanol. After drying, the DNA was dissolved in water containing 0.1 volumes of 

GIF buffer (100 mM Tris-HCI pH 8.5, 10 mM MgCl2  and 10 mM ZnClg), 1 unit of Calf Intestinal 

Alkaline Phosphatase added and the reaction allowed to proceed at 37'G for 30 min. The 

dephosphorylated vector was then re-extracted with phenol: chloroform, ethanol 

precipitated, dried and dissolved in distilled water to give a final concentration of 50 ng/pl.
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2.9.4 Ligation of DNA fragments

T4 DNA ligase joins DNA fragments together by catalysing the formation of a covaient 

phosphodiester bond from a 5’-phosphoryl group and an adjacent 3’-hydroxyl group. A 

typical ligation reaction was placed in a 1.5 mi microfuge tube and contained 10-100 ng 

digested vector DNA, 100-250 ng purified insert DNA, ligase buffer containing ATP (supplied 

by manufacturer), 1-10 Weiss units T4 DNA ligase with the volume made up to 20 pi with 

distilled water. The contents of the tube were mixed and left either for 1-2 hours at room 

temperature (approximately 20°C) or at IST) overnight prior to transforming competent E. 

coli cells (2.9.5).

2.9.5 Transformation of E. co/f using calcium chloride competent cells

Modified after Cohen et. al. (1972).

Following ligation, DNA was transformed into E. coil to enable the selection of successful 

ligation events and also to provide a means by which the ligated DNA may be amplified. 

Transformation requires competent cells which were prepared by using 2 ml of an overnight 

culture of E. coil XL1-blues to inoculate 100 ml of LB. Cells were grown to an ODggg of 0.6, 

centrifuged at 4000 rpm for 10 min at 4°G in 50 ml tubes and resuspended in 50 ml of ice cold 

50 mM CaCl2 . The tubes were incubated on ice for 1 hour, re-centrifuged and the pelleted 

cells resuspended in 5 ml of 50 mM CaCl2 , 20% (v/v) glycerol. Cells were then divided into 

100 pi aliquots, flash-frozen in liquid nitrogen and stored at -70'C until required.

Transformation was accomplished by combining ligated DNA with 10 pi of 10 x TCM (100 mM 

Tris-HCi pH 7.5,100 mM CaCl2 , 100 mM MgCl2 ) made up to 100 pi total volume with distilled 

water. A 100 pi aliquot of competent cells was thawed on ice and added to the mix which was 

left on ice for 30 min. The tube was placed in a water bath at 37'C for exactly 2 min to heat 

shock the cells, 1 ml of LB added and the tube placed in a shaker at 37'C for 1 hour to allow 

expression of antibiotic resistance genes. The ceils were then pelleted by centrifuging in a 

microfuge for 3 min before being resuspended in 100 pi of fresh LB. Dilutions of the
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transformed cells were plated out on agar containing the appropriate antibiotic and incubated 

at 37°C overnight, if blue/white colour selection of recombinants was possible, 80 pg/ml X-gal 

and 20 mM IPTG were added to the plates before spreading the cells. Due to disruption of 

the LacZ gene, recombinant plasmids would appear white rather than the non-recombinant 

blue.

2.9.6 Small scale plasmid DNA preparations from E. co//

After Birnboim and Defy (1979).

Once transformants were obtained, it was necessary to check that correct inserts had been 

retained. This was achieved by preparing small quantities of DNA from a bacterial culture 

originating from a single transformation and then performing a series of diagnostic restriction 

enzyme digests. A bacterial culture harbouring the required plasmid was grown overnight in 

LB containing appropriate antibiotic in a shaker at 37'C. A total of 1.5 ml of this culture was 

spun down in a microfuge for 3 mins. Supernatant was removed and cells resuspended in 

100 pi lysis buffer (25 mM Tris-HCI pH 8.0,10 mM EDTA, 500 mM glucose) prior to adding 200 

pi of 200 mM NaOH, 1% (w/v) SDS. Contents were gently mixed by inversion, 150 pi of 3 M 

potassium acetate pH 5.2 added and the tube shaken. The white precipitate so formed 

(containing genomic DNA and proteins) was removed by centrifugation and the aqueous 

supernatant extracted using phenol: chloroform: isoamyl-alcohol. The crude plasmid DNA 

was then precipitated by adding 2.5 volumes of absolute ethanol and placing the tube at - 

70'C for 10 mins. After centrifuging, the pellet of DNA was washed in 70% (v/v) ethanol, air 

dried and resuspended in 20-30 pi of distilled water. An aliquot of 2 pi was then used in 

restriction digests. Since this method does not remove RNA, digests were routinely carried 

out with the addition of 0.1 volumes 0.5 mg/ml RNase.

2.9.7 Large aeale plasmid DNA preparations from E.co/f

Large quantities of DNA were required for cloning procedures and as stocks for the
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preparation of DNA fragments to be used as probes in library screening (2.8), northern (2.4.2) 

and Southern (2.4.1) blotting. Cells from 500 ml of an overnight culture grown in LB 

containing appropriate antibiotics, were harvested by centrifuging at 10,000 rpm at room 

temperature in a Sorvai RC-5B centrifuge using GSA polypropyiene bottles. The pellet was 

resuspended in 18 ml of lysis buffer and the bacteria iysed by addition of 40 ml of 0.2 M 

NaOH, 1% (w/v) SDS. Genomic DNA and protein were precipitated by the addition of 20 mi 3 

M potassium acetate pH 5.2 and the bottle shaken to mix the contents. The precipitate was 

removed by centrifugation at 10,000 rpm for 5 mins and the supernatant collected by filtering 

through polyallomer wool into clean bottles. Nucleic acids were precipitated by adding an 

equal volume of propan-2-ol and collected by centrifuging at 10,000 rpm for 10 mins. The 

nucleic acid pellet was dissolved in 3 ml distilled water, transferred to a siliconised corex tube 

and 3 ml of 8 M LiCI added. After vortexing, the precipitated large RNAs were removed by 

centrifugation at 10,000 rpm at 4'G for 10 min. The supernatant was retained and DNA 

precipitated by adding an equal volume of propan-2-ol, mixing and then centrifuging at

10,000 rpm for 10 min. After redissolving the pellet in 500 pi of distilled water, the solution 

was transferred to a 1.5 ml microfuge tube and 20 pi of 10 mg/ml RNase added. The tube was 

incubated at 37‘C for 30 mins. A 500 pi aliquot of 1.6 M NaCI containing 13% (w/v) PEG 6000 

was mixed into the DNA solution and the pellet of DNA collected by centrifugation at 4C  for 

10 mins. After discarding the supernatant, the pellet was resuspended in 300 pi of distilled 

water, extracted twice with phenol: chloroform: isoamyl-alcohol, and then precipitated by the 

addition of 100 pi 10 M ammonium acetate and 2 volumes of absolute ethanol. DNA was 

recovered by centrifugation for 5 mins, washed in 70% (v/v) ethanol, air dried and redissolved 

in 500 pi distilled water. Following concentration measurements (2.2.2), the DNA was 

redissolved at a concentration of 1 mg/ml and stored at -20C.

2.9.8 Amplification of DNA using the polymerase ehaln reaction 

(PCR)

Modified after Muiiis and Faioona (1987).

PGR provides a means of amplifying (vector) inserts, for example, to be used for probe stocks
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if primers to the vector containing the insert are available. The reaction can aiso be used to 

amplify specific DNA from a mixture providing there is some knowledge of DNA or protein 

sequence to which PCR primers can be designed. The basic protocol followed was that 

contained in the Perkin-Elmer Cetus manual with a typical reaction mix containing 0.1 volumes 

10 X PCR buffer (100 mM Tris-HCI pH 8.3, 500 mM KCI, 15 mM MgCl2 , 0.1% (w/v) gelatin), 0.1 

volumes 10 x dNTPs (2 mM of each, Pharmacia Uitrapure), 250 ng of each primer, 1 pi of 

phage stock in SM or DNA template (10^-10® copies), 0.5 pi Taq polymerase and sterile water 

to a volume of 50 pi. The reaction mix was then overlaid with 2 drops of paraffin oil to prevent 

evaporation during the heating cycles and placed in a PCR machine (a Perkin-Elmer Cetus 

Thermocycler). The first cycle consisted of dénaturation at GS'C for 5 min, annealing at 65°C 

for 1 min and extension at 72*C for 1 min followed by 29 cycles of 1 min dénaturation, 1 min 

annealing and 1 min extension. The final extension was allowed to run for 8  min. For some 

reactions the number of cycles and the annealing temperature were changed to reflect the 

template used and the melting temperature of the primers. The oil was then extracted using 

100 pi of chloroform and 5 pi of the PCR product anaylsed by running on an agarose gei.

2.10 8equ@nelng of DNA

Once clones had been isolated by library screening (2.8), they were sequenced to enable 

comparison with known DNA sequences. Dideoxynucieotide sequencing (Sanger e t at,

1977) was carried out using the Sequenase 2.0 kit supplied by USB Inc. All solutions 

required were provided in the kit and sequencing carried out according to manufacturer’s 

directions.

2.10.1 Preparation of single stranded template

DNA fragments inserted into the polyiinker of pBluescript, which possesses the f1 origin of 

replication from the f1 filamentous phage, allows the rescue of single-stranded DNA for 

sequencing upon co-infection with heiper phage. An overnight culture of the clone to be 

sequenced was grown in 100 pg/mi ampicillin and 12.5 pg/ml tetracycline (ensures seiection
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of male sex pili of strain through which helper phage infects) and used to inoculate 10  ml of 

NZY medium containing the same antibiotics. The culture was grown to an ODggg of 0.5 and 1 

ml of this infected with 10® pfu of the helper phage M13K07. This was left in a shaker at 37°C 

for 1 hour. After this time, 9 ml of NZY were added containing 100 pg/ml ampicillin and 

kanamycin at 70 pg/mi and the culture left overnight in a shaker at 37°C.

The foiiowing morning the celis were centrifuged at 4,000 rpm for 10 min and the phage 

containing supernatant removed to a new tube. Phage was precipitated by the addition of 0.2 

volumes 20% (w/v) PEG 6,000/1 M NaCI and incubating on ice for 15 min. Phage particles 

were pelleted by centrifuging at 10,000 rpm in a Sorvai RC-5B centrifuge and the pellet 

resuspended in 400 pi of distilled water. The solution was extracted twice with phenol: 

chloroform and DNA precipitated by adding 0.1 volumes 2 M sodium acetate pH 5.6 and 3 

volumes absolute ethanol and leaving at -70'C for 10 min. After centrifuging at full speed in 

a microfuge the DNA pellet was washed with 70% (v/v) ethanol, dried and redissolved in 20 pi 

of water. A 2 pi aliquot was run on an agarose gel to assess quantity and quality.

Annealing of template DNA with suitable sequencing primers was carried out by mixing 1 pg 

of the template in a volume of 7 pi with 1 pi (10 ng) of a suitable primer. A total of 0.2 volumes 

of 5 X sequencing buffer was added and the tube placed in a beaker containing water at 65'C 

and allowed to cool to room temperature before continuing with the sequencing reactions.

2.10.2 Preparation of double stranded templates for sequencing

Sometimes single stranded DNA preparations were not possible so double stranded DNA of a 

quality suitable for sequencing was prepared. Crude plasmid DNA was first prepared as 

described for small scale preparation of plasmid DNA (2.9.6) with the DNA dissolved In a final 

volume of 50 pi distilled water. Large RNAs were precipitated by adding 75 pi 8  M lithium 

chloride and leaving on ice for 5 min. After centrifuging for 5 min in a microfuge the 

supernatant containing DNA was removed to a new tube. DNA was precipitated by adding 3 

volumes of absolute ethanol and leaving for 5 min. The tube was centrifuged, the pellet 

washed in 70% (v/v) ethanol, dried and redissoived in 50 pi distilled water. Any remaining
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small RNAs were removed by adding 1 pi of RNase at 10 mg/mi and incubating at room 

temperature for 5 min. The solution was phenol: chloroform extracted twice to remove the 

RNase and the DNA re-precipitated by adding 0.1 volumes 2 M sodium acetate pH 5.6, 3 

volumes absolute ethanol. After centrifuging, washing, and drying the DNA peliet it was 

dissolved in 2 0  pi distilled water and a 2  pi aliquot run on an agarose gel to assess quality and 

quantity.

Template DNA was denatured by mixing 10 pi DNA (5-10 pg) with 2 pi 2 M NaOH and 

incubating at room temperature for 5 min. The solution was neutralised by adding 5 pi 5 M 

ammonium acetate pH 4.8 and DNA precipitated by adding 3 volumes absolute ethanol. 

Annealing was achieved by adding the denatured DNA in 6  pi of water to 2 pi of a suitable 

primer (10 ng) and 0.2 volumes 5 x sequencing buffer and continuing as for single stranded 

template.

2.10.3 Analysis of DMA sequences

Computer aided sequence analysis and database searches were carried out using the 

University of Wisconsin programmes on a VAX (Devereux ef. a/., 1983).

2.11 A? y/fm tirenserlptlon end translation

This technique was used to enable the comparison of a known DNA sequence with a 

particular band of protein that had previously been identified by using an in gei enzyme assay 

(2.14.3; chapter 5). The transcription reaction was carried out using a kit from Stratagene 

which provided ail solutions. The reaction mix was combined in a 1.5 ml microfuge tube and 

contained 0.5-1.0 pg linearised template DNA, 0.2 volumes 5 x transcription buffer, 1 pi each 

of 10 mM rATP, rCTP, rGTP and rUTP, 30 mM DTT, 1 unit of RNase block II, 10 units of T7 RNA 

polymerase, and DEPC treated water to a total volume of 25 pi. After mixing, the reaction was 

incubated at 37'C for 30 min and then phenol: chloroform extracted. Nucleic acid was 

precipitated by adding 0.1 volumes 2 M sodium acetate pH 5.6, 3 volumes absolute ethanol,
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leaving at -70'C for 10 min, and then centrifuging in a microfuge for 10 min. The nucieic acid 

peliet was then washed with 70% (v/v) ethanoi, dried, and dissolved in 20 pi of DEPC-treated 

water. A 5 pi aliquot was run on an agarose gei to check the quantity and quality of RNA 

produced.

The translation reaction was set up with solutions provided in a kit from Promega in a 1.5 ml 

microfuge tube and contained 17.5 pi nuclease-treated rabbit reticulocyte lysate, 40 units 

RNase inhibitor, 5.0 pi of RNA template from the transcription reaction, 0.5 pi of an amino acid 

mix without methionine, 1.0 pi [®®S]-Methionine, and DEPC treated water to a final volume of 

25 pi. The reaction was incubated at 30'C for 60 min after which time half the mix was run 

initially on a 15% denaturing protein gel to ensure that the reaction had worked. The second 

half of the mix was later run on a native gel alongside previously identified protein bands. The 

gel was then placed on Whatman 3 MM paper, covered with cling film and dried in a BioRad gei 

drier on cycle 1 at OÔ C for 1.5 hours. The dried gei was placed on film for 2 nights and bands 

on the autoradiograph compared with protein bands present on the dried gel.

2.12 Yeast transformation

Yeast were used as a host to study the secretion of cecropin (chapter 3). This involved 

transforming the cecropin gene inserted into a plasmid carrying a ura marker gene into yeast 

under the control of a galactose inducible promoter. The production and secretion of active 

cecropin was then assessed using the E. coli overlay test.

2.12.1 Transformation of yeast using the lithium acetate method

Modified after ito et. al. (1983).

An overnight culture of the required yeast strain was subcultured into fresh YPD media at 10® 

cells/ml in a total volume of 10 ml and placed in a shaker at 30'C until cell density reached
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10^/ml. Cells were collected by centrifuging for 7 min at 3,000 rpm, washed in 2 mi TE and 

resuspended in 1 ml LA buffer (0.1 M lithium acetate in TE). The tube containing the celis was 

left in a shaker at 30‘C  for 1 hour. Plasmid DNA (0.1-10 pg) in 10 pi of TE was added to 300 pi 

of the yeast cells and mixed with 700 pi of 50% (w/v) PEG 4,000. This was placed in a water 

bath at 30C for 1 hour and then heat shocked for 5 min at 42C. After centrifuging at 4,000 

rpm for 5 min the cells were resuspended in 400 pi sterile distilled water. Selective plates, 

lacking in uracil, were then spread with 200 pi of transformed cells and incubated at 30C for 2 

to 4 nights until colonies of approximateiy 1-2 mm in diameter were visible. This method 

generaily yielded 5-800 colonies per transformation.

2.12.2 Smell scale Isolation of plasr

From Leicester Biocentre manuai.

Foiiowing transformation of yeast, plasmid was isolated to confirm that they were 

transformants and not revertants. A total of 4.5 ml of an overnight culture of the yeast 

transformant in SD minimal media was spun down in a 1.5 ml microfuge tube by first spinning 

down 1.5 ml, discarding the supernatant and repeating the process. The celis were 

resuspended in BME buffer (0.9 M sorbitol, 0.05 M Na2 P0 ^ pH 7.5, 1 pi/ml p- 

mercaptoethanol) and 25 pi of yeast iytic enzyme (Sigma) at 10 mg/ml added. The tube was 

incubated at 37C  for 1-1.5 hours until sphaeroplasts formed which was confirmed by 

observing under a microscope. Ceils were centrifuged for 30 secs and resuspended in 100 

pi of 1 M sorbitol before adding 800 pi of lysis buffer (100 mM Tris-HCi pH 9.7, 50 mM EDTA 

pH 8.5, 0.5% (w/v) SDS). Contents were mixed and then incubated at 70‘C for 20 min. 

Protein and genomic DNA were precipitated by adding 200 pi of 5 M potassium acetate and 

leaving on ice for 45 min. The tube was then centrifuged and supernatant removed to a new 

tube. To the plasmid- containing supernatant was added 0.55 ml propan-2-ol, the contents 

mixed and left at room temperature for 5 min. Plasmid DNA was then pelleted by centrifuging, 

washed in 70% (v/v) ethanol, dried and dissolved in 20 pi TE. Half of this was then used to 

transform calcium chloride competent £. coii cells (2.9.5) in order to recover enough amplified 

DNA to perform restriction analysis of the plasmid.
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2.12.3 Galactose promoter Induction

Yeast cells were grown for 16 hours in either YPD or for 48 hours in selective media. They 

were then centrifuged for 7 min at 3,000 rpm in a Heraeus centrifuge and the cell pellet 

washed twice with YPgal medium before resuspending in YPgal at a density of 4-5 x 10® ceils 

per ml. Cells were then placed in a shaking incubator at 30‘C for a minimum of 2  hours before 

assaying the medium for the desired protein.

2.12.4 E. CO// overlay test for the presence of active cecropin

A 200 pi aliquot of an overnight culture of E. coli XL 1-blues grown in LB was added to 5 ml of 

top agar and spread on a Petri dish containing solid LB medium. Once the top agar had set, 

wells were made in the agar using the narrow end of a Pasteur pipette into which were placed 

3 pi of the medium to be tested. The plates were then incubated overnight at 37‘C. 

Antibacterial activity was indicated by the presence of a clear halo around the wells in an 

othenA/ise turbid lawn of bacteria.

2.12.5 Yeasf RM A extraction

The foiiowing method is based on that contained in the Leicester Biocentre manuai.

Confirmation that transcripts were produced from plasmids transformed into host yeast cells 

was obtained by isolating RNA and performing northern blots. Yeast cells were grown for 16 

hours in appropriate media and then centrifuged at 5,000 rpm for 10 min at 4C  in a Sorvai RC- 

58 centrifuge using a GSA rotor. After discarding the spent media, the cells were 

resuspended in 25 ml of sterile, distilled water, transferred to a 30 ml plastic Nunc tube and re- 

pelieted in a Heraeus centrifuge at 5,000 rpm for 10 min at 4°C. The pellet was then 

resuspended in Kirby mix (6% (w/v) 4-amino salicylate, 1% (w/v) triisopropyl naphthalene 

sulphonate, 6 % (v/v) phenol, 50 mM Tris-HCI pH 8.4) using 1 ml per 100 ml of yeast culture. 

The mix was transferred to a 15 ml corex tube, acid-washed sterile glass beads added until
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they were just covered by the liquid and the tube vortexed in bursts of 30 secs, keeping the 

tube on ice for 10 min between each burst. Cell breakage was determined by examining cells 

under the microscope. When the majority of the celis had burst an equal volume of phenol; 

chloroform was added and mixed thoroughly by shaking the tube. The phases were 

separated by centrifuging for 10 min at 5,000 rpm in a Heraeus centrifuge and the top 

aqueous phase re-extracted a further two times with phenol: chloroform. Nucleic acid was 

then precipitated by adding lithium acetate to 0.2 M, 2.5 volumes of absolute ethanol and 

leaving at -70'C for 30 min. After this time the nucleic acid was collected by centrifuging at

10,000 rpm for 15 min. The pellet was drained and redissoived in 400 pi of sterile distilled 

water. RNA was precipitated by adding an equal volume of 6  M lithium acetate and incubating 

on ice for 1 hour. RNA was then pelleted by centrifuging for 10 min at 10,000 rpm. The pellet 

was washed twice in 3 M lithium acetate and then redissoived in 400 pi sterile water. After 

transferring to a 1.5 ml microfuge tube, RNA was re-precipitated by adding 15 pi of 6  M lithium 

acetate and 2.5 volumes of absolute ethanol. After pelleting, the RNA was dissolved in water 

and its concentration measured (2.2.2) prior to storing at -70‘C.

2.13 Potato transformation

Potato tubers were transformed with a gus A reporter gene under the control of a wound- 

inducibie promoter in order to assess the promoter activity in response to pathogen activity 

(chapter 6 ). This was achieved by infecting transformed potato with various pathogens and 

measuring the activity of the reporter gene both quantitatively by fluorimetric assays and 

qualitatively using histochemical localisation studies.

2.13.1 AgrroAacfef/um-medlated transformation of potato

After Sheerman and Bevan (1988).

Transformation involves transferring the desired gene into potato linked to a marker gene to 

enable the identification of successfully transformed cells. In this case, the marl<er gene was
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neomycin phosphotransferase-11 which confers resistance to kanamycin. Tubers were 

peeled, cut in half and sterilised by placing in 10% (v/v) chloros containing 6  drops of Tween- 

20 and left for 20 min, stirring occasionally. Using a number 10 sterile cork borer, cores were 

removed from the sterilised tubers and sliced into discs 1-2 mm thick. The discs were placed 

into 20 ml Steriiin tubes containing Agrobacterium stocks harbouring the plasmid to be 

transferred into the potato (grown for 2 nights in LB containing appropriate antibiotics, then 

centrifuged at 4000 rpm for 5 min and resuspended in half a volume of MS30 liquid media) 

and left for 20 min with occasional shaking. The discs were then removed, excess liquid 

discarded by draining on sterile filter paper, and placed on plates containing shoot 

regeneration medium (MS salts (table 2.1), R3 vitamins (1 pg/ml thiamine HCI, 0.5 pg/ml 

nicotinic acid, 0.5 pg/mi pyridoxine HCI), 3% (w/v) sucrose, 5 pM zeatin riboside, 3 pM iAA 

aspartic acid, pH 5.9, solidified with 0.8% Difco agar). Plates were placed In a growth cabinet 

at 20'’G with 16 hours of illumination followed by 8  hours of daiimess. After 48 hours, after 

which time the Agrobacterium would have infected the potato discs, the discs were 

transferred to shoot regeneration plates containing 50 pg/ml kanamycin to select transformed 

potato shoots and 200 pg/ml cefotaxime to kill the bacteria. Once green shoots appeared, 

which took 8-12 weeks, these were transferred to rooting medium (MS medium containing R3 

vitamins, 3% (w/v) sucrose, 50 pg/ml kanamycin, 200 pg/ml cefotaxime) in 20 ml Steriiin tubes. 

Any white shoots which grew were considered to be untransformed “escapes” having been 

bleached by the presence of kanamycin.

Once plantlets had been obtained, they were removed from the Steriiin tubes under sterile 

conditions and cut into sections containing internodes which were replaced Into Steriiin tubes 

containing fresh rooting media. This provided a way of bulking up and maintaining stocks prior 

to planting out in soil. Before piacing in soil, sections containing internodes were placed in 

Petri dishes and left for a week in a growth room until shoots and roots had developed. After 

this time, the plantlets were placed into pots containing a mixture (half and half) of peat and 

vermicullte and allowed to grow in a Fison’s growth cabinet at 20^0 with 16 hours of iight 

aiternating with 8  hours of darlmess. For the first few days of growth, the pots were placed 

into plastic bags to retain a high humidity. The humidity was gradually decreased until the 

plantlets had grown a thick cuticle. Tubers were visible after 4-5 weeks of growth in pots, with 

the tuber size being dependent upon the size of pot used to grow the potato plants.
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2.13.2 Microbial Infections of potato plants

All work Involving piant pathogens was carried out at the Scottish Crop Research Institute 

(SCRi) under the supervision and guidance of Drs. Gary Lyon and Hugh Barker, SOAFD 

licence number GM/22/1992. Potato plants used were transformed lines obtained at 

Leicester University, transported to the SCRi as piantiets in Petri dishes, and grown for 5 

weeks in a greenhouse at 20°C under naturai iight conditions. Plants were sprayed with 

nicotine to prevent aphid infestation.

2.13.2.1 Infection with PAyfopAfhofs /nfesfans

Leaves were removed from the potato piants and piaced upsidedown into square Petri dishes 

containing a sponge presoaked in water to maintain a high humidity. The ieaves were then 

infected by placing 20 pi dropiets containing 100, 1000, or 5000 zoospores in water onto fiat 

sections of the leaf, with a total of 4 droplets on each leaf. Leaves were then incubated at 

IG'C in a growth cabinet with a cycie of 16 hours of illumination followed by 8 hours of 

darkness until symptoms consisting of regions of necrosis appeared (3-5 days). Leaves were 

then tested histochemically for GUS activity (section 2.13.3.2).

2.13.2.2 Infection with Erw/n/a carofovora

A 24 hour culture (2.1.7.2) was harvested by centrifuging at 10,000 rpm at room temperature 

in a Sorvai RC-5B centrifuge using GSA polypropylene bottles, and then resupended in an 

equal volume of water which gave a density of approximately 5 x 10® cells per ml. Potato 

tubers were then submerged in the bacteriai suspension and a vacuum appiied for 10-15 min 

to infiltrate the bacteria into the tubers via the lenticels. The tubers were then placed in both 

aerobic and anaerobic chambers at 2 0 ^ 0  under conditions of high humidity, achieved by 

piacing the tubers in plastic bags which were loosely tied. Uninfected tubers were aiso placed 

under the same conditions to provide controis. Symptoms consisting of soft areas in the 

tubers appeared after 5-7 days. Tuber slices through the soft areas were then assessed
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histochemically lor GUS activity (2.13.3.2).

2.13.2.3 Infection with Potato Virus Y (PVY)

Potato leaves were infected on the plant by shaking carborundum, a mild abrasive, over the 

ieaves to be infected. Inoculant, prepared as described in 2.1.7.3, was then rubbed gentiy 

onto the leaves, with the abrasive causing breaks in the plant epidermis which allows the virus 

particies to enter the plant. Controls were set up in the same manner with water used instead 

of the virus-containing inoculant. Primary symptoms consisting of smail regions of necrosis 

appeared on the inoculated leaves after 10-12 days. Secondary symptoms of regions of 

chlorosis appeared on the uninocuiated leaves after a further 3-4 days. Samples of leaves of 

inoculated and uninoculated leaves before and after the appearance of symptoms were 

tested histochemically for GUS activity (2.13.3.2).

2.13.3 ^glucuronidase (GUS) assays

2.13.3.1 Fluorimetric assays of GUS activity

Protein was isolated by grinding tissue of approximateiy 0.5 cm^ using a smail pestle and 

mortar In 400 pi of GUS extraction buffer (50 mM Na2 P0 ^ pH 7.0, 10 mM EDTA, 0.1% (v/v) 

Triton X-100,0.1% (v/v) Sarlwsyi, 10 mM p-mercaptoethanol). The material was then placed in 

a microfuge tube and centrifuged for 10 min. Supernatant was removed to a new tube and 

used immediately in GUS assays.

Assays were performed by piacing 20 pi of the isolated protein in a 1.5 ml microfuge tube 

containing 180 pi of GUS fluorimetric assay buffer (GUS extraction buffer with 1 mM methyl 

umbelliferyl glucuronide) pre-warmed to 37'C. The tube was then incubated at 37'C. Every 

20 min, including at time zero, a sample of 2 0  pi was removed from the tube and placed in a 

well of an opaque microtitre plate containing 180 pi of stop solution (200 mM Na2C0 3 ). When 

all samples had been taken, fluorescence was measured in a Perkin-Elmer fluorimeter. A
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calibration curve (Figure 2.1) was obtained by preparing dilutions of the reaction product 4- 

methyl umbeliiferone (4-MU), adding them to stop solution and plotting fluorescence units 

against nmoles 4-MU. Protein concentrations were measured using the Bradford assay 

(2.2.4) to enable calculation of GUS activity per mg of total protein.

2.13.3.2 Histochemical localisation of GUS activity

Tissue sections to be stained were placed in X-GLUC solution (50 mM Na2 P0 4  pH 7.0, 2 mM 

X-GLUC made up as 200 x stock in DMF and stored at -20'C) and incubated overnight at 37°C. 

Sections were then washed in several changes of 70% (v/v) ethanol to remove chlorophyll 

and allow observation of the stained tissue.

2.14 Préparation of asparagus for experimental work

Asparagus was used as a model system for the Identification of wound-induced genes 

(Harikrishna et at, 1991). The system invoives uniformly grinding asparagus cladodes to 

isolate single cells which are then cultured in suitable medium. The activity of genes isolated 

using this system were studied both in isoiated single cells and in dark-grown seedlings 

wounded by slicing, to ensure that the genes were wound-inducibie and not upregulated as a 

consequence of either the isolation process or by growth in cell culture medium.

2.14.1 Mechanical Isolation of asparagus cells

A totai of 10 g of ciadodes were stripped off 6  week old seedlings and surface steriiised by 

placing in a solution of 10% (v/v) bleach for 2 0  min before washing in several changes of 

sterile tap water. They were then placed in a mortar together with 10 ml of sterile tap water and 

gently ground using a pestle. Waste cladode material was removed by filtering the ceii 

suspension through a sterile 64 pm mesh filter and the cells collected by centrifuging at 800 

rpm in a Sorvai RT6000B centrifuge for 2 min. The supernatant was pipetted off and a known
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Figure 2.1

Calibration curve of 4-MU. A stock solution of 10 pm 4-MU was diiuted in water to a number of 

known concentrations. The number of nmoles was then calculated and this value plotted 

against the fluorescence reading obtained for each concentration using an excitation energy 

of 365 nm and reading the emission spectra at 455 nm.
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volume (usually 80 ml) of fresh sterile tap water added. An aliquot was removed and placed on 

a haemooytometer slide to count the number of cells. After centrifuging again, the cells were 

resuspended to a concentration of 4 x 10® cells/ml in asparagus medium (table 2.2). The cells 

were then either divided into aliquots of 10 ml and placed in 90 mm Petri dishes sealed with 

Nescofilm, or divided into 50 ml aliquots and placed In 250 ml sterile flasks sealed with a cotton 

bung and foil. In both cases cells were incubated in the dark at 25T) on a rotating platform set 

to 40 rpm. Before harvesting the cells were checked for infection by observation under a 

microscope. They were then centrifuged at 1,000 rpm for 10 min and the cells either used 

directly or flash frozen In liquid nitrogen and stored at -70'C.

2.14.2 Growth of seedlings for wounding studies

Asparagus seeds were surface sterilised in 100% IMS for 3 min, washed in sterile tap water 

and left to imbibe sterile tap water for a period of 3 hours. The seeds were then scattered on 

sterile vermicullte soaked In water contained in a foil covered sterile washing up bowl. Growth 

occurred In the dark at 25'C. Once the hypocotyls had grown to a height of 50 mm 

(approximately 2 weeks post-germination) the seedlings were harvested. They were cut into 

sections of the required size and placed in 90 mm Petri dishes containing filter paper soaked 

in water. Dishes were sealed using Nescofilm and left In the dark at 25°G for the duration of 

the wounding expeiment. Sections were then harvested, flash frozen in liquid nitrogen and 

stored at -70'C.

2.14.3 In ge l superoxlde dismufase (SOD) assay 

After Beauchamp and Fridovich, 1971.

One of the genes isolated from the asparagus model system showed very high homology to 

the enzyme superoxide dismutase (chapter 5) so SOD assays were undertaken to compare 

gene activity with enzyme activity. SOD assays were performed in gel which enabled a direct 

comparison of the activity of different SODs in the same protein sample. A total of 20 pg of
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protein isolated as described in 2.2.3 were run on a 10% native PAGE mini-gel (2.3.4) for 2.5 

hours at 100 V in a cold room at 4'C. The gel was then placed In 100 ml SOD assay buffer (50 

mM Tris-HCI pH 8.4, 0.25 mM EDTA pH 8.0, 3 mg riboflavin, 10 mg NBT made up as 30 mg/ml 

stock in 70% (v/v) DMF) and incubated in the darit at room temperature. The gel was then 

exposed to bright light by placing on a light box and left until white bands showing SOD 

activity appeared on a purple coloured background which took approximately 2 0  min. 

Cyanide insensitive SODs were detected by adding 1 mM KCN to the SOD assay buffer prior 

to placing the gel in the dark. Gels were stored In 50% (v/v) glycerol solution in the dark.

2.14.4 Testing the effects of cell culture medium on SOD activity

(
Apart from the wounding stimulus, isolated cells in the asparagus cell culture system could be 

affected directly by constituents of the asparagus cell culture medium, or by growth in the 

dark. The following experiment was performed to determine whether light or an increase in 

respiration caused by the presence of certain medium constituents affected SOD activity.

Six week old asparagus seedlings were cut at the stem above soil level and approximately 2 

inches of the cut stem immersed in either water, 1% (w/v) sucrose, 3% (w/v) mannitol, or both 

sucrose and mannitol in a glass jar, leaving the rest of the seedling protruding above the top 

of the jar. A total of 10 seedlings were placed In each jar. Sucrose and mannitol 

concentrations are the same as that found in asparagus cell culture medium (table 2 .2 ). 

Duplicates of each condition were set up and each left at 25'G in either the darl( or under light 

conditions. After 4 days, protein was isolated from the cladodes as described in 2.2.3 and a 

SOD assay conducted as described in 2.14.3.
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After Murashige and Skoog, (1962).

Constituent Weight per litre

CaCl2 .2 H2 0 440 mg

NH4 NO3 1.65 g

KNO3 1.9 g

Kl 0.83 mg

C0 CI2 .6 H2O 0.025 mg

KH2 PO4 170 mg

H3 BO3 6 .2  mg

Na2 Mo0 4 .2 H2 0 0.25 mg

MgS04.7H20 370 mg

MnS04.4H20 22.3 mg

CUSO4 .5 H2O 0.025 mg

ZnS04.4H20 8 .6  mg

FeS0 4 27.85 mg

Na2 EDTA 37.25 mg

Glycine 2 .0  mg

Inositol 1 0 0  mg

Nicotinic acid 0.5 mg

Pyridoxine HCI 0.5 mg

Thiamine HCI 0.1 mg

The pH was adjusted to 5.8 with 0.1 M HCI. All the above components are supplied in 

preweighed packets by Flow Laboratories Ltd.
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Table 2.2 Asparagus medium

Modified from Nagata and Takebe (1971).

Constituent Weight per litre

NH4 NO3 825 mg

KNO3 925 mg

0 aCl2 .2 H2 0 2 2 0  mg

MgSO^.HgO 1.233 g

KH2 PO4 680 mg

Na2 EDTA 37.3 mg

FeS04.7H20 27.8 mg

H3 BO3 6 .2  mg

MnS04.4H20 22.3 mg

ZnSÛ4.7H20 10.58 mg

Kl 0.83 mg

NaMo0 4 .2 H2 0 0.25 mg

OUSO4 .5 H2 O 0.03 mg

Mannitoi 30 g

Sucrose lO g

Myo Inositol 1 0 0  mg

Thiamine HO! 1 .0  mg

NAA 1 .0  mg

6 -BAP 0.3 mg

pH was adjusted to 5.8 with 1.0 M KOH. Prior to use 3.4 mi of filter sterilised glutamine at 23.5 

mg/ml was added per 80 mi of medium.
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CHAPTER 3

ANALYSIS OF YEAST TRANSFORMANTS 

GONTAININQ GEGROPIN GONSTRUGTS

3.1 Introduction and background to previous work

One of the important components in the proposed route for the genetic engineering of plants 

for bacterial resistance is the secretion of an antimicrobial polypeptide.

Cecropin was chosen as the antibacterial substance because it is active against a range of 

bacterial pathogens (Destefano-Beltran et. al., 1990) while not being toxic to the plant host 

(Nordeen et. a!., 1992). The reasons for choosing porcine cecropin are elaborated further in 

section 1.12.2. A synthetic cecropin gene was designed and constructed using synthetic 

oligomers by Simon Firek (Botany Department, Leicester University) based on the amino acid 

sequence of the mature porcine cecropin (Lee et. a!., 1989). The codon usage was biased 

towards that of plants by studying the most commonly used codons taken from the sequence 

data of small subunit rubisco from several plants and designing the synthetic gene to 

incorporate mainly these codons. The synthetic cecropin gene was combined with the wheat 

a-amyiase secretion signal which was also synthesised using oligomers. The efficiency of 

cecropin production and secretion was initially examined in tobacco under the control of the 

CaMV 35S promoter (Nagy et. a!., 1985). Transgenic plants were obtained and analysed for 

the presence of the cecropin transcript and also for the production of protein. Though in 

some lines a transcript was detected on northern blots (S. Firek, personal communication) no 

active cecropin could be detected either intracelluiarly or in the intercellular spaces.

Further constructs were then prepared containing a viral translation enhancer (VTE) element. 

Much research has been carried out concerning the ability of 5’ leader sequences from viral 

mRNA to greatly enhance translation both in vitro and in vivo (Gaille et. ai., 1987a, 1987b,
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1988). These sequences include the omega sequence obtained from Tobacco Mosaic Virus. 

Research conducted by Dr. Gary Foster (Leicester University) has resulted in the isolation of a 

VTE element from Potato Virus S (PVS). initial results indicated that this element greatly 

enhanced translation in vitro. The element was therefore incorporated into a construct 

containing the wheat a-amylase secretion signal and the synthetic cecropin gene in the 

expectation that this wouid enhance translation in vivo and enable the detection of a product.

In vitro transcriptions and translations of the secretion signal and cecropin gene constructs 

with and without the VTE element were carried out with the results shown in Figure 3.1. The 

addition of microsomes indicated that with the control RNA correct processing was achieved, 

in the absence of the VTE element no product was detected whereas with the element a 

product was highly visible, though there were no detectable differences between the 

samples with and without microsomes. The lack of product without the VTE element 

appeared to indicate that either very little product was being formed, or that any product 

formed was being rapidly degraded. A degraded product would explain the smears present in 

lanes 3 and 4. The presence of visible product with the addition of the VTE element indicates 

that it may be highly advantageous to use the element in constructs containing the cecropin 

gene.

Constructs containing the VTE element attached to the wheat a-amylase secretion signal and 

cecropin gene again under the control of the CaMV 35S promoter were transferred into 

tobacco plants. Northern analysis showed that detectable transcript was present in some 

lines but again no active cecropin product could be found.

It was therefore decided to study the expression and secretion of cecropin in the yeast 

Saccharomyces cerevisiae. The yeast would be used as a test system to determine whether 

viable product could be obtained from the constructs used in tobacco. Yeast has two major 

advantages over continuing the study of secretion of cecropin in tobacco: transformants can 

be obtained within a week rather than the minimum of two months required to generate 

transgenic tobacco; and also with yeast every cell would have the potential to express and 

secrete product, eliminating the dilution effect caused by non-expressing ceils in tobacco. It 

is possible that the CaMV 35S promoter is not constitutive for every tissue or does not direct
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Figure 3.1

In vitro transcription and translation of synthetic cecropin.

Lane 1. Translaton of control RNA.

Lane 2. Translation of control RNA in the presence of microsomes.

Lane 3. Translation of cecropin RNA with attached wheat a-amylase secretion signal.

Lane 4. Translation of cecropin RNA and wheat signal in the presence of microsomes.

Lane 5. Translation of cecropin RNA with wheat signal and attached VTE element.

Lane 6. Translation of cecropin RNA with wheat signal and attached VTE element in the 

presence of microsomes.

(Reproduced with permission of Dr. Simon Firek, Botany Department, University of 

Leicester.)
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high expression in every ceil. Were this to be the case, the lack of detection of an active 

product in tobacco may have been due to dilution of any cecropin produced by cells which 

were not expressing the gene or not expressing to high ievels.

Yeast was chosen as an expression vector since as a eukaryote it should not be sensitive to 

cecropin (Steiner e t al., 1988). Yeast have also been used previously to successfully 

express many heterologous animal and plant proteins including the expression and secretion 

of human interferon (Hitzeman e t a!., 1983), successful synthesis and processing of 

thaumatin (Overbeeke, 1989), and the expression and secretion of a-amyiases from both rice 

(Kumagai et. a/., 1990) and bariey (Sogaard & Svensson, 1990). S.cerevlslae can be easily 

manipulated genetically and has the advantage that it secretes very few proteins into the 

growth medium, greatiy simplifying the purification of secreted foreign proteins.

3.2 Testing the effect of cecropin on yeast and bacterial growth

Though cecropin was not expected to affect yeast adverseiy, some reports suggest that 

cecropin has a toxic effect on certain fungi (Destefano-Beltran et. a!., 1990). Because yeast 

and filamentous fungi are closeiy reiated it was decided to test the effect of cecropin on yeast, 

and aiso assess the sensitivity of E. coll to cecropin since this is the test bacterium that wouid 

be used to determine whether active cecropin was being produced from the transformed 

yeast.

Figure 3.2a contains the results of a bacterial overlay test, conducted as described in 2.12.4, 

in which welis were fiiied with 3 p.l of varying dilutions of cecropin. It can be seen that 600 ng (a 

concentration of 3 pg/ml) of cecropin diffused throughout the depth of the plate gives a clear 

indication of antibacterial activity.

The effect of cecropin on yeast was tested by growing the host strain, JRY188, in YPD media 

containing commercially synthesised porcine cecropin (Peninsula laboratories, inc., California) 

at a concentration of 10 pg/mi. After overnight growth, the number of yeast cells per ml of 

media were counted and compared with equivalent counts of yeast grown in the same media
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Figure 3.2

Effect of cecropin on growth of £. coli and the yeast S. cerevisiae.

a) Effect on E.coli present in top agar in the form of an overlay. Wells were made in the agar 

using the narrow end of a Pasteur pipette and varying quantities of cecropin (amounts as 

shown) placed into the weils. Plates were left overnight at 37°C. Ciear zones indicate 

inhibition of bacterial growth. The dilutions refer to diiutions of the cecropin stock solution at 2 

mg/mi used to give the amounts of cecropin shown in the weils.

b) Table showing the number of cells of S.cerevisiae present in media following overnight 

growth in YPD with and without cecropin present at 10 pg/ml. Three replicates were set up to 

obtain the standard error shown.



a)

600 ng

10 - 3

6 ng

QH2O

l O ' "  

6000 ng

b)
no. yeast cells x 10^

no cecropin with cecropin

51 +/-9.7 52.5 +/-8.3



without cecropin. From the table in Figure 3.2b it can be seen that the counts of yeast in 

media with and without cecropin are virtuaiiy the same which leads to the conclusion that 

externaliy supplied cecropin has no effect on yeast growth at the concentration used.

3.3 Transformation of yeast with ceoropln constructs

The piasmid pSKCEC4, containing the synthetic cecropin gene attached to the wheat a- 

amylase secretion signai in pBluescript, was obtained from Dr. Simon Firek. The wheat signal 

and cecropin fragment were removed from the plasmid using the restriction enzymes Xba i 

and Hin d lii and iigated into simiiarly restricted pEMBLyex4 vector, a shuttie vector containing 

origins of repiication for both E. coli and S. cerevisiae (obtained from Graham Plastow, Dalgety 

Food Technology Centre, Cambridge). This resulted in the plasmid pYWCEl (Figure 3.3a). 

The shuttie vector contains an inducible galactose promoter enabling the expression of 

foreign proteins to be controiied in cases where constitutive expression may prove to be 

toxic. The promoter is repressed by the presence of glucose in the externai medium. The 

vector also contains a yeast terminator which is required for high ievei expression in yeast 

(Zaret & Sherman, 1982).

Similar manipulations using the piasmid pSKVTE9, containing the VTE element attached to 

the synthetic cecropin gene and wheat a-amyiase secretion signai in pBiuescript (also 

obtained from Dr. Simon Firek), resulted in the construction of pYWCE2 (Figure 3.3b).

The plasmids so constructed were used to transform yeast. The vector pEMBLyex4 was also 

transformed into yeast to provide a non-cecropin producing control. Transformed yeast were 

selected and confirmation that the transformation was successful was obtained by isolating 

yeast plasmid DNA. The DNA was used to transform E. coii, the piasmid amplified and 

confirmed to be correct by restriction enzyme digestion.

High copy number transformants were selected by plating the yeast on minimal medium plates 

lacking both uracil and leucine. The pEMBLyex4 plasmid vector used contains two selection 

mailœrs: ura3 (Rose et a/., 1984) which is used to select initial transformants and enables the

79



Figure 3.3

Constructs used in assessing the viability of secretion of cecropin in yeast.

Both the cecropin gene and wheat a-amylase secretion signal were synthesised using 

complementary oligomers ligated together by Dr. Simon Firek (Leicester University). The VTE 

element was obtained from Dr. Gary Foster (Leicester University). Sequencing confirmed that 

both constructs formed in frame translational fusions, which then formed transcriptional 

fusions when transferred to the yeast vector.

a) Diagram of pYWCEl construct showing the sequence of the wheat a-amyiase secretion 

signal attached to synthetic cecropin gene.

b) Diagram of pYWCE2 construct showing the sequence of the virai translation enhancer 

element attached to the wheat a-amyiase secretion signal and the synthetic cecropin gene.

Key: ▼ indicates the signal peptidase cleavage site

-» approximate transcription start site

B Bam HI

H3 Hind Hi

P PstI

Rl Eco Rl

X Xbal

The yeast vector used was pEMBLyex4, a shuttle vector containing origins of repiication for 

both yeast and £. coli. The promoter present in the vector is a hybrid of the upstream 

activation sequence from the intergenic region between the GAL1 and GAL10 genes, and 

the 5' non-translated leader of the CYC1 gene which contains the signals required for 

initiation of transcription (Cesareni & Murray, 1987).



B /R I/H 3

wheat signal sequence and cecropin gene 
in the vector pEMBLyex4

ECO Rl M A N K H L S L S L F L V L
GAATTCATCTCATATACAATGGCGAACAAACACTTGTCCCTCTCGCTCTTCCTCGTCCTC 

10 20 30 40 50 60
mature cecropin

L G L S A S L A S G S W L S K T A K K L
CTTGGCCTGTCGGCCAGCTTGGCCTCCGGATCCTGGTTGTCCAAGACCGCCAAGAAGTTG

70 80 90 100 110 120
E N S H K K R I S E G I A I A I Q G G P

GAGAACTCCGCCAAGAAGCGTATCTCCGAGGGAATCGCCATCGCCATCCAGGGAGGACCA
130 140 150 160 17 0 180

R *  *
CGTTAATAACCTAG

190



X B/P/RI B /RI /H3

cecropin terminatorVTE WAA si(
cyc-gal
promoter

amp R Leu2-dURA3

wheat signal sequence, cecropin gene 
and VTE in the vector pEMBLyex4

Xba I
TCTAGAGCTCACAAGAGATTTGGTGGAAGCCGTAGCAACATTGGGGCCGTTGAAGCACCT 

10 20 30 40 50 60

M P P K P
TTAGGTTCACAGGTAAGAGTTCGAAGAAACTGTCCCACAGAGAAAATGCCGCCGAAACCG 

70 80 90 100 110 120

G S L O E F I S Y T M A N K H L S L S L  
GGATCCCTGCAGGAATTCATCTCATATACAATGGCGAACAAACACTTGTCCCTCTCGCTC 

130 140 150 160 170 180

F L V L L G L S A S L A S G S W L S K T  
TTCCTCGTCCTCCTTGGCCTGTCGGCCAGCTTGGCCTCCGGATCCTGGTTGTCCAAGACC 

190 200 210 220 230 240

A K K L E N S A K K R I S E G I A I A I  
GCCAAGAAGTTGGAGAACTCCGCCAAGAAGCGTATCTCCGAGGGAATCGCCATCGCCATC 

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0

Q G G P R *  *
CAGGGAGGACCACGTTAATAACCTAG 

310 320



deficient yeast host strain to grow on media lacking supplemental uracil; and Ieu2-d (Beggs,

1978) which has a truncated promoter and is poorly expressed, enabling yeast to grow on 

media deficient in leucine only if it is present in high copy number. Though yeast containing 

high copy numbers of the plasmids pEMBLyex4 and pYWCEl were obtained, no high copy 

number yeast transformants containing the construct with the VTE element, pYWCE2, could 

be isolated. This suggests that the yeast is unable to tolerate high multiple copies of the VTE 

element present in the construct, possibly as a result of greatly enhanced production of toxic 

protein.

3.4 Assessing yeast transformants for the production of cecropin

Initial tests for cecropin production involved concentrating the growth medium after induction 

of the galactose promoter and testing for the presence of active cecropin using the well test 

as described in 3.2. Further tests involved laying a lawn of susceptible bacteria over induced 

yeast colonies and looking for the presence of a zone of inhibition of bacterial growth around 

the colonies.

3.4.1 Tesdng media for the presence of active cecropin

Following galactose induction of the transformed yeast, the cells were removed by 

centrifugation and the remaining media tested for cecropin activity using the well test. No 

antibacterial activity was found, possibly due to dilution of the product by the media. The 

media was therefore concentrated fo r use in further tests by using Amicon 

microconcentrators. These contain filters of varying sizes which retain proteins above a certain 

size while allowing smaller proteins through. To concentrate cecropin a combination of two 

sizes of filter were used: a 10 K filter which retains proteins above 10 kD and a 3 K filter which 

retains proteins above 3 kD. Since cecropin is 3.5 kD in weight it was expected to be retained 

by the 3 K filter. However, if proteins are compactly folded, it is possible that they will pass 

through a filter that should in theory retain them so the filters were tested for their ability to 

concentrate cecropin. Filters were used according to manufacturer’s instructions.
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Cecropin of known concentration was initially passed through the 10 K microconcentrator. 

Both the filtrate (liquid passing through the filter) and retentate (liquid retained by the filter) 

were kept with the filtrate being passed through a 3 K filter. Both filtrates and retentâtes and 

the filters themselves were then tested for their antibacterial activity using the bacterial well 

plate test as described previously (3.2). Approximately half the cecropin was found in the 

retentate from the 3 K filter while the other half was found on the 3 K filter itself. However, no 

antibacterial activity was detected in the filtrate from the 3 K filter enabling its satisfactory use in 

concentrating cecropin. In all experiments conducted using the microconcentrators both the 

retentate from the 3 K filter and the filter itself were tested for antibacterial activity.

The microconcentrators are only capable of concentrating 2 ml of liquid at one time. From the 

above experiment it was determined that after concentration through both filters, 1 0 0  pi of 

retentate remained, giving a 2 0 -fold concentration.

Yeast transformants were grown in minimal selective media overnight until they reached 1.5-

2.0 X 10^ cells per ml and then induced by resuspending the cells in YPgal medium. The rich 

medium was used since it has been noted that secretion is much more efficient in rich medium 

(Rothstein et a/., 1984). Initiaiiy, media from a two hour induction of the galactose promoter 

was concentrated. However, no zones of inhibition were seen in the bacterial well test so the 

induction time was extended to a maximum of 16 hours. Despite the increase in induction 

time, no antibacterial activity was detected.

3.4.2 Bacterial overlay tests

A second approach for detecting secreted cecropin was attempted which involved directly 

overlaying yeast colonies grown on solid minimal media selective plates with a bacterial lawn 

and looking for inhibition of bacterial growth around the yeast themselves. It was expected 

that this approach would increase the sensitivity of the test used due to the direct contact 

between the secreted foreign gene product and the test bacterium, without the diluting 

effects of growth in liquid media.

81



Transformed yeast were grown on minimal selective plates for up to 72 hours until a colony of 

approximately 2 mm in diameter was reached. The whole colony was then transferred to 

minimal plates containing galactose to induce the promoter and left for 16 hours before 

overlaying the plate with a bacterial lawn and continuing incubation for a further 16 hours at 

3Q°C (it had previously been established that growth at SO'C did not affect bacterial growth in 

any way). The plates were then studied for any signs of antibacterial activity.

The plates appeared to show zones of inhibition of bacterial growth around some of the yeast 

colonies (Figure 3.4), particularly visible in the central colony containing the pYWCE2 plasmid 

with the VTE, wheat a-amylase secretion signal and cecropin gene.

In order to maximise the size of the zones, very thin solid minimal selective medium plates of 

just 2  mm depth were poured and a minimum amount of bacteria used in the overlay to still 

give a confluent lawn. After 72 hour growth of the yeast colonies, they were transferred to 

duplicate plates, one plate containing minimal media with glucose to act as a non-induced 

control and one plate containing minimal media with galactose. The plates were overlaid with a 

bacterial lawn and growth continued for 16 hours. The resulting plates showed the presence 

of zones of inhibition of bacterial growth (Figure 3.5). However, zones are visible on the 

control yeast containing the plasmid pEMBLyex4 and zones are also visible on the non

induced plates containing minimal media with glucose. This result suggested that yeast 

growth itself in some way affected bacterial growth and that growth inhibition was not due to 

the production of cecropin.

It was thought that the inhibition of bacterial growth could be due to a pH effect with yeast 

growth leading to a decrease in pH to the extent that growth of E. coli was inhibited. This 

hypothesis was tested by measuring the pH of various media following overnight yeast 

growth. The pH of YPgal was 5.0 while that of minimal media containing galactose was 3.5. 

The resulting pH of the minimal media may therefore be enough to inhibit bacterial growth. 

The differences in zone sizes seen could be due to differences in the total numbers of yeast 

cells present and in the exact thickness of the plates.

The failure to detect active cecropin in concentrated medium following induction of yeast
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Figure 3.4

Yeast overlay tests for the presence of secreted cecropin. Yeast were grown on minimal 

selective plates for up to 72 hours at SO'C and then patched onto inducing media containing 

galactose. After 16 hours, the plates were overlaid with 200 pi of an overnight culture of E .  

coli in 5 ml of top agar and incubation continued at 37°C for a further 16 hours. Piates were 

then studied for signs of inhibition of bacterial growth adjacent to the yeast colonies.

a) Yeast transformed with the control vector, pEMBLyex4.

b) Yeast transformed with the cecropin containing vector, pYW CEl.

c) Yeast transformed with the vector pYWGE2 containing both the cecropin gene and the 

VTE element.
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Figure 3.5

Plates showing maximised zones of inhibition of bacteriai growth. Yeast were grown on piates 

containing minimal agar only 2 mm thick and overlaid with a bacterial lawn as described for 

figure 3.4. Plates on the left contain non-inducing minimal agar while piates on the right 

contain inducing minimal agar with galactose.

a) Yeast transformed with pEMBLyex4.

b) Yeast transformed with pYW CEl.

c) Yeast transformed with pYWCE2.





could be due to a variety of factors. These include non-production of cecropin by the yeast; 

production but poor or no secretion of the product; synthesis of an active product which is 

rapidly degraded; or internal production of cecropin leading to a toxic effect on the yeast cells.

This final possibility is supported by results seen with induced yeast containing pYWCE2 in 

which it is possible that the possession of the VTE element is exaggerating effects that 

cannot be seen with yeast containing pYWCEl. For example, in section 3.3 it was noted that 

though high copy number transformants with pYWCEl were obtained, no corresponding 

yeast containing pYWCE2 could be selected. During the course of the experiments involving 

the growth of yeast in selective medium, it had also been noted that yeast containing 

pWYCE2 grew to far lower densities than the control yeast and yeast containing pYWCEt.

Further investigations were therefore conducted to see if cecropin transcripts were produced 

by the yeast and and to see if transcript levels changed over time following promoter 

induction.

3.5 Northern analysis of transformed yeast

3.5.1 Detection of cecropin transcripts

Yeast was grown in selective medium and induced by the removal of glucose and the addition 

of galactose for 2 hours (see section 2.12.3). Total RNA was isolated from samples taken at 

time zero, 1 and 2 hours. No RNA was obtained from yeast containing pYWCE2 due to the 

very low density of yeast growth in selective media. The RNA was run on a gel to ensure it 

was evenly loaded (Figure 3.6a) and the gel blotted overnight. Control RNA was provided by 

Simon Firek and originated from in vitro transcription of pSKCEG4, giving a transcript 

containing the wheat a-amylase secretion signal and the cecropin gene. The filter was 

probed with the wheat signal/cecropin fragment obtained from restriction enzyme digestion of 

pSKGEG4. The resulting autoradiograph is shown in Figure 3.6b. There is no evidence of a 

detectable cecropin transcript in the yeast containing the pYWGEI plasmid. The bands that 

are visible are those from the control with the upper band being the DNA template used in the
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Figure 3.6

Northern analysis of yeast transformants following galactose induction. Lane numbers refer to 

the number of hours following promoter induction by galactose. The central lane contains 

control RNA originating from in vitro transcription of pSKCEC4, giving a transcript containing 

the wheat secretion signal and the cecropin gene.

a) Agarose gel showing RNA isolated from yeast transformants containing either pEMBLyex4 

(EMC) or pYWCEl (Cl 06). A total of 6 pg of RNA were loaded in each lane.

b) Northern blot of the gel shown in a) probed with the 200 bp wheat a-amylase signal 

sequence/cecropin gene fragment.

c) Northern blot in b) stripped and reprobed with the ura gene.

Both northern blots were exposed for 96 hours.



a ) BVC C106

0  1 2  0  1 2

b) C106 C )
C106



in vitro transcription and the lower band being the transcription product.

3.5.2 Detection of ura transcripts

One possibility for the non-detection of a cecropin transcript is that the pYWCEl plasmid has 

been lost from the yeast. To test this possibility, the filter used in the above experiment was 

stripped and reprobed with the ura gene which is present only on the plasmid. Figure 3.6c 

shows the result. Both the yeast containing the control plasmid pEMBLyex4 and yeast 

containing pYWCEl were found to retain the plasmid as evidenced by the presence of ura 

transcript, it can be seen that successful selection of high copy number plasmids was 

achieved using pYWCEl with the lane at time zero containing far more ura transcript than the 

corresponding lane with pEMBLyex4. However, with the yeast containing the cecropin 

construct, the amount of ura transcript was found to decrease noticeably following promoter 

induction. Decrease of the ura transcript suggests either that the plasmid was lost from the 

yeast as the time following promoter induction increased, or that total yeast cell numbers were 

decreasing.

3.6 Plasmid stability tests

The northern blot performed in 3.5.2 showing a decrease in ura transcript following promoter 

induction indicated that the plasmid number rapidly decreased. This decrease could either be 

due to individual cells losing excess copies of the plasmid or due to a decrease in the total 

number of yeast cells. Changes in cell number after induction were therefore followed to 

determine which of these two possibilities caused the decrease in plasmid number.

3.6.1 Changes In yeast cell number following Induction

Yeast were initially grown in minimal selective medium containing glucose and then 

transferred to selective medium containing galactose. Galactose induction was continued for



2 hours with samples removed at 15 min intervals. Dilutions of these samples were spread on 

selective glucose plates which lacked uracil to enable a count to be made of the number of 

cells retaining the ura plasmid marker. The results are presented graphically in Figure 3.7. 

During the 2 hour time course there is not a significant change in the overall numbers of cells 

retaining the ability to grow on ura deficient media. After 2 hours the numbers of yeast 

containing pEMBLyex4 and pYWCEl were slightly lower than before induction while yeast 

numbers containing pYWCE2 were almost the same as at time zero. Within the 2 hour time 

course of the experiment yeast cell number was not expected to increase since cell division 

time in minimal medium is greater than 2  hours (C. Hadfield, personal commumication; own 

observations). This result therefore suggests that the decrease in ura transcript seen in 

Figure 3.6c was due to loss of excess copies of the plasmid and not to a decrease in total cell 

number.

The graph shown in Figure 3.7 also reinforces a previous observation, namely that yeast 

containing pYWCE2 grow to a far lower density than yeast containing either pEMBLyex4 or 

pYWCEl.

3.6.2 Long term plasmid stability tests

Since the above experiment in 3.6.1 showed that cell numbers remained approximately the 

same after a 2  hour induction in selective media, it was decided to investigate long term 

plasmid stability following 12-56 hours growth in various media. Stability was studied after 12 

hours growth in YPD and YPgal, and after 56 hours growth in selective glucose media and 

selective galactose media. The results would show whether the plasmid was retained when 

no selection was applied and also when long term induction was allowed to occur.

Plasmid stability was assessed by removing samples and spreading dilutions on YPD plates to 

obtain the total number of viable cells present, and also on selective glucose plates to 

determine the cell numbers retaining the ura plasmid mariner. These data were then used to 

calculate the percentage of cells that retained the ura mariner after growth in the various 

media. The results are shown graphically in Figure 3.8.
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Figure 3.7

Graph showing a time course of the number of yeast transformants retaining the ura plasmid 

marker foiiowing galactose induction of the promoter. Samples of yeast cells were removed 

every 15 minutes for a total of 2 hours, dilutions spread on minimal selective plates, and 

colonies counted after 72 hour growth. The experiment was repeated three times to obtain 

the standard error shown as bars in the graph.

EMC - yeast transformants containing the control plasmid pEMBLyex4 

C106 - yeast transformants containing the plasmid pYWCEl 

V I01 - yeast transformants containing the plasmid pYWCE2
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Figure 3.8

Graph showing the percentage of cells retaining the ability to grow on media deficient In uracil 

after Initial growth In non-selectIve media (YPD), non-selectlve Inducing media (YP gal), 

selective media (mln D), and selective Inducing media (mln gal). The experiment was 

repeated three times to obtain the standard error shown as bars In the graph.

EMC - yeast transformants containing the control plasmid pEMBLyex4 

0106 - yeast transformants containing the plasmid pYWCEl 

V I01 - yeast transformants containing the plasmid pYWCE2
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After growth in YPD, approximately 70% of the cells containing pEMBLyex4 and pYWCEt 

retained the ura plasmid marker while less than 1% of the cells containing pYWCE2 retained 

the marker (Figure 3.8). A similar result Is seen after growth In YPgal except that approximately 

50% of the cells with pEMBLyex4 and pYWCEt retained the marker. Again, none of the cells 

containing pYWCE2 retained the marker plasmid.

After growth In both selective glucose and selective galactose media a higher proportion, 

approximately 80-90%, of the cells containing pEMBLyex4 and pYWCEt were found to retain 

the ura marker, while 2-9% of cells containing pYWCE2 retained the mariner.

The above results Indicated that the pEMBLyex4 and pYWCEt plasmids were relatively 

stable. Some loss of plasmid did occur for both transformants after growth In inducing media 

but since the effect was the same for both It could not be attributed to cecropin production. 

Growth In selective media led to greater retention of the plasmid but at 80-90% compared with 

the 70% retention seen with growth In non-selectlve media suggested that the plasmid was 

Intrinsically stable.

The results seen with pYWCE2, the plasmid containing the VTE as well as the wheat a- 

amylase signal sequence and the cecropin gene, differed markedly. After growth in non- 

selectlve media the cells almost entirely lost the plasmid with only cells lacking the marker 

growing. Selective media only maintained a very small proportion of the cells with the marker 

plasmid. These results suggest that the addition of the VTE had some disadvantageous 

effect on the cells.

3.7 gummery and conclusions

Expression and secretion of a synthetic cecropin gene under the control of the CaMV 358 

promoter had been studied In tobacco but though transcript was detected, no active cecropin 

was found. Constructs were therefore transferred to yeast under the control of a galactose 

Inducible promoter to determine whether viable products could be obtained. The advantages 

of yeast were the rapidity with which transformants could be obtained and the fact that every
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cell would have the potential to express and secrete cecropin.

Constructs containing the synthetic cecropin gene and wheat a-amylase secretion signal 

(pYWCEt) were transferred Into yeast together with constructs containing an extra VTE 

element (pYWCE2) known to enhance translation in vitro. Yeast containing the vector only, 

pEMBLyex4, were used as non-cecropin producing controls. Following promoter Induction, 

media was concentrated and assessed for the presence of active cecropin, achieved by 

looking for antibacterial activity with E. coii as the test organism. No antibacterial activity was 

found In either concentrated or unconcentrated media.

When Induced yeast colonies were overlaid directly with a lawn of E. coii there appeared to 

be zones of Inhibition of bacterial growth directly around the yeast colonies. However, 

subsequent work demonstrated that the zones were due to acidification of the media by the 

yeast leading to Inhibition of bacterial growth.

Northern blots of RNA Isolated from pEMBLyex4 and pYWCEl following promoter Induction 

showed that the ura plasmid marker rapidly decreased up to 2 hours following Induction In 

pYWCEl. This decrease was shown to be due to a decrease In plasmid copy number since 

total cell number remained the same over the time course.

Addition of the VTE element to the cecropin construct appeared to have a deleterious effect 

on yeast. No high copy number transformants containing pYWCE2 could be Isolated, neither 

could RNA in sufficient quantities for a northern blot be obtained due to the low density to 

which the cells grew In selective media. Also, when the transformed yeast were grown In non- 

selectlve media none of the cells retained the plasmid. Some deleterious effect of the 

cecropin gene construct was noted with pYWCE! which suffered a rapid loss of excess 

plasmid copies upon promoter Induction. These phenomena suggest that the possession of 

the synthetic cecropin gene, leading to synthesis of cecropin, may have exerted some toxic 

effect on yeast cells which was exaggerated by the presence of the VTE element. Though 

the pYWCE2 plasmid appeared unstable even when not Induced, slight leakage of the 

promoter or derepression of the galactose Inducible promoter due to exhaustion of glucose 

In the growth medium may have been enough, with the enhancing effects of the VTE
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element, to exert a toxic effect. It therefore appears that cecropin may have been produced 

by the yeast but lack of, or poor secretion, may have led to a cytotoxic effect. When yeast 

containing pYWCEf were Induced, this toxicity had the effect of inducing a rapid decrease In 

plasmid copy number, presumably with cells retaining only enough copies of the plasmid to 

survive on media lacking uracil.

Several possibilities exist for the lack of or poor secretion of cecropin (discussed further In 

chapter 7) but they all lead to the conclusion that the constructs used would have to be 

altered In some way to Improve secretion and were not suitable In their present form. This 

conclusion may also apply to the situation In plants In which again no active cecropin product 

could be detected.

An Important property of the construct for engineering resistance In plants to bacterial 

Infections was the wound-lnduciblllty of the secreted antibacterial substance. The Isolation of 

a wound-lnduclble promoter was therefore Important. A candidate gene showing the 

required expression profile, named DD1, was available and attempts to clone this gene are 

described In the following chapter.
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CHAPTER 4

S G R E E N IN G  A N  ASPARAGUS cDNA
L IB R A R Y  F O R  D D I

4.1 Introduction and background to previous work

Previous work at Leicester has concentrated on the use of an asparagus cell culture system 

as an enriched source of wound-induced genes (Harikrishna et. al., 1991). The system 

involves generating wounded cells by grinding asparagus cladodes in a pestle and mortar and 

placing the isolated cells into tissue culture media. The study of the asparagus system was 

Initiated originally to provide a large source of uniformly and synchronously wounded viable 

cells In order to yield Information concerning the control of cell development, particularly In the 

process of redlfferentlatlon, that occurs at wound sites (Paul et. a!., 1989). It was hoped that 

this Information would give Insights Into the wounding process and also, since the plant 

response to wounding and pathogen Invasion Is very similar, into the defence response. This 

may then reveal approaches for the engineering of resistance.

Mechanically isolated asparagus cells have previously been used In studies of 

photosynthesis (Hills, 1986). Cell cultures can also be established and maintained (Julllen & 

Guern, 1979; Paul et. a!., 1989) enabling the study of long term changes within the cells.

Profiles of the proteins present before and In the succeeding days following mechanical cell 

Isolation were obtained by running Isolated protein samples on two-dimensional SDS-PAGE 

gels. These gels showed that while some proteins remained the same after the Isolation 

process, some decreased In abundance while others Increased and novel proteins also 

appeared. Two-dimensional PAGE analysis of protein translated In vitro using poly (A)+ RNA 

Isolated from asparagus cells at varying times after the Isolation process also showed major
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qualitative differences in tfie message population, suggesting that the majority of the change 

in protein profile was controlled at the transcriptional level (Harikrishna et. al., 1991).

The two-dimensional analysis of translated poly (A)+ RNA enabled the identification of several 

novel proteins upregulated by the mechanical isolation/wounding process. Analysis of 

samples taken at 2 and 4 months following cell isolation showed that some induced genes 

remained upregulated in cell culture (Fioroni, 1989; Harikrishna, 1989).

It has previously been noted in section 1.12.3 that the proposed promoter to be used in the 

engineering of resistance by secreting an antibacterial substance In plants should be one that 

Is rapidly activated by wounding and exhibits strong expression for several days to ensure 

continued resistance to pathogen Invasion around wound sites. Study of the two-

dimensional gels of in vitro translated poly (A)"*" RNA identified a candidate gene based Initially

on Its product abundance. This protein was one of a group of novel proteins present at 

approximately 16 kD with differing Isoelectric points that were rapidly activated by the 

wounding process, and activation sustained for long periods (Figure 4.1). One member of 

this group, named D D I, was activated within 3-6 hours and on two-dimensional gels of 

extracted protein a spot corresponding to that o f DDI could still be detected In protein 

samples Isolated from 6 -month old cell cultures (Fioroni, 1989). The gene encoding DDI was 

therefore Identified as a potential target based on Its expression profile for the eventual 

Isolation of Its promoter to be used In the engineering of plants for resistance against bacterial 

Infections.

To aid In the cloning of DDI, protein corresponding to DDI was Isolated from two-dimensional 

SDS-PAGE gels and used to prepare an antibody and also to obtain N-terminal amino acid 

sequence data (Fioroni, 1989). At the time, the amino acid sequence obtained showed no 

homology to other known proteins but It did enable the design of a degenerate 17 nt 

oligomer which was used to screen an asparagus cDNA library. The library was constructed in

a plasmid vector using poly (A)+ RNA Isolated at day 3 following the cell isolation process. A

clone, DD1-34 was Isolated and western and northern analysis appeared to Indicate that the 

protein and message were coordlnately regulated following cell isolation (Fioroni, 1989).
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Figure 4.1

Two-dimensional analysis of in vitro translated poly (A)+ RNA isolated from asparagus cell 

cultures at varying times following single cell Isolation. Detail of the DDI group Is shown In 

cladode and at 3 hours, 1 day , and 2 days following single cell Isolation. The member of the 

group Identified to be cloned Is marked with an arrow.
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However, subsequent sequence analysis of the DD1-34 clone by Simon Warner (of this 

department) showed that it contained no homology to the DD1 N-termlnal protein sequence 

and was eventually found to contain part of a wound-induced gene termed A0 PRI (Warner 

et.al., 1992).

The expression profile shown by DDI still made It desirable to clone in order to obtain the 

promoter. The antibody could be used to screen an expression library for cross-reacting 

fusion proteins, while the possession of N-terminal amino acid sequence data for DDI would 

enable the design of different oligomers for use In screening.

4.2 Assessing the DDI antibody for library screening

The first approach made to clone DDI was to use the antibody In library screening. A second 

asparagus cDNA library (Warner, 1992; see 2.8) had been constructed In the phage vector

ZAP which contains within It the Bluescrlpt plasmid pSK". Since the plasmid contains the lac-Z

promoter It can be used as an Inducible expression vector to produce proteins from 

recombinant DNA Inserts, a requirement for antibody screening. The library was construced

using poly (A)"*" RNA Isolated from 1-3 day old cultured asparagus cells. Since this time period

corresponded with that for the expression of DDI, the library was expected to contain 

abundant DDI clones.

An antibody should be capable of detecting less than 10 ng of protein (Stanley & Luzio, 

1984) and preferably picogram amounts for antibody screening to be successful. Initial 

experiments therefore concentrated on determining the sensitivity of the DDI antibody and 

Its specificity In detecting a protein at approximately 16 kDa on a Western blot. Fioroni (1989) 

and Harikrishna (1989) calculated that from 2-D gel analysis of protein extracts from asparagus 

cultures the DDI protein constituted up to 5% of total protein. This figure was used to 

determine the sensitivity of the antibody to DDI since the amount of total protein was known.

Varying dilutions of protein extracted from three day old cell cultures, shown to contain a high
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proportion of DD1 protein, were run on 15% denaturing protein gels and western blotted. 

Different combinations of secondary antibody conjugates and substrates were tfien used to 

maximise sensitivity in detecting bound primary antibody. Tfie combinations of antibody 

conjugates and substrates used in each case is depicted in Figure 4.2. The DDI antibody 

had been produced in rabbit so the secondary antibody was always goat/antl-rabbit antibody. 

In the first case the secondary antibody used was conjugated with alkaline phosphatase with 

the substrate being naphthol-AS-phosphate and Fast Red. This combination showed bands 

at 16 kDa present In lanes containing at least 1 pg of DDI protein (Figure 4.3a). It was 

therefore unsuitable for library screening but did show that the antibody was specific for a 

protein at 16 kDa with slight non-specific binding to large protein bands presumed to be those 

of large subunit rublsco.

The second antibody cocktail was the same as In the first case but the substrate used was 

BCIP and NBT. The result Is shown In Figure 4.3b. It can be seen that this substrate Imparts 

roughly 4 times more sensitivity to the antibody than using Fast Red with a band faintly visible 

In the lane containing only 250 ng of DD I. However, It does contribute far more background 

staining than the previous substrate with non-specific binding to large proteins being highly 

visible. The sensitivity was still not good enough for library screening. Figure 4.3c shows a 

western blot In which a bridging secondary antibody, goat/antl-rabbit conjugated with blotin, 

has been used. A tertiary compound, extravidin conjugated with alkaline phosphatase, was 

then added. Since two molecules of the tertiary compound bind to every blotin molecule it 

was expected that this combination would double the sensitivity. However, only 250 ng of 

DDI protein could be detected as was the case without using the bridging secondary 

antibody.

Though the antibody was found not to be of a high enough sensitivity for antibody screening 

It was still used In several library screening attempts. An effort was made to Increase the 

amount of fusion protein produced by Inducing plaques for periods of up to 16 hours. 

However, as expected, no positive clones were obtained with any seemingly positive spots 

not corresponding to the position of plaques or were due to yeast contamination found on 

the plates.
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Figure 4.2

Combinations of conjugates and substrates used in maximising the sensitivity of the DD1 

antibody. The DD1 antibody was produced in rabbit.

a) Goat/antl-rabbit antibody conjugated to alkaline phosphatase used In conjunction with 

naphthol-AS-MX-phosphate and Fast red as substrates.

b) Goat/antl-rabbit antibody conjugated to alkaline phosphatase used In conjunction with 

BCIP and NBT as substrates.

c) Goat/antl-rabbit antibody conjugated to blotin used In conjunction with an extravldln/alkallne 

phosphatase conjugate with BCIP and NBT as substrates.
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Figure 4.3

Western blots of varying amounts of asparagus protein isolated 3 days following single cell 

isolation. The amout of DDI protein was calculated based on 2-D gel analysis which showed 

the DD1 protein to constitute up to 5% of total protein In asparagus cultures. The 

combinations of antibody conjugates and substrates used are depicted In detail In Figure 4.2.

a) Alkaline phosphatase conjugate with naphthol-AS-MX-phosphate and Fast Red as 

substrates.

b) Alkaline phosphatase conjugate with BCIP and NBT as substrates.

c) Blotin conjugate used In conjunction with an extravldln/alkaling phosphatase conjugate 

with BCIP and NBT as substrates.
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Antibody titre can be improved by affinity binding techniques in which the antibody that binds 

to a western blot is eluted from the filter and is effectively concentrated. However, it was felt 

that the initial antibody titre was so low that even using affinity binding the titre could not be 

Improved sufficiently for library screening. The availability of the N-termlnal amino acid 

sequence, however, offered an alternative approach to the cloning of DD1 by enabling the 

design of oligonucleotides to screen the library.

4.3 Sereening the library using ollgonueleotldss

The use of synthetic oligonucleotides to screen the library was thought to be far more 

sensitive than using the antibody since even If the antibody had proved to be sensitive 

enough for use In library screening, It could still only detect clones that were expressing the 

DDI protein. Only approximately one in six of the clones containing DD1 sequence would be 

In the right frame and correct orientation to allow translation of the protein. Use of an oligomer 

would enable all clones containing sequence homologous to the N-terminal sequence to be 

detected.

4.3.1 Screening using the 17 nt oligomer as probe

Fioroni (1989) had previously designed an oligomer to a region of the N-termlnal sequence to 

incorporate the least degeneracy. The oligomer consisted of a length of 17 nt and had a 128 

fold degeneracy (Figure 4.4a). The melting temperature (T^) of the oligomer in Its most A/T 

rich form was calculated to be 38°C by using the equation that an A/T base pair imparts 2° and 

a G/C pair 4° to the T ^  (Itakura et. al., 1984). During the library screening procedure a 

hybridisation temperature 10-15T) below that of the calculated T ^  Is used which would 

Involve hybridising at 28°C with the 17 nt oligomer. Fioroni used the oligomer In an attempt to 

clone the gene for DDI, but the attempt was unsuccessful with the positive clone DDI-34 

later found to have no homology to the N-termlnal amino add sequence (Warner, 1992). The 

failure was most likely due to the low hybridisation temperature used since this would 

encourage the detection of false positives containing only minimum homology to the
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Figure 4.4

DD1 N-terminal amino acid sequence showing regions (boxed areas) to which the 17 and 26 

nucleotide oligomers were designed.

a) Sequence of the 17 nucleotide oligomer. T^was calculated to be 3 8 ^ .

b) Sequence of the 26 nucleotide oligomer. was calculated to be 76^0.

(See text for equations used to calculate T^.)
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oligonucleotide.

It was therefore decided to use the 17 nt oligomer screen the library, but using a different 

approach with the chemical tétraméthylammonium chloride (TMACl) added to the 

hybridisation buffer. In a solution containing TMACl the T ^  of oligonucleotide duplexes 

becomes Independent of nucleotide sequence and hence of GO content (Jacobs et. al., 

1988). Jacobs et. al. (1988) provide the following equation for calculating the T ^  of 

oligonucleotides In a solution containing 3 M TMACl:

Tj = -682 X (L -1 )  + 97

where T; = T ^ ln  solution containing 3 M TMACl 

L = number of bases In the oligonucleotide

Applying this calculation to the 17 nt oligomer yields a TjOf 57'C, enabling a hybridisation 

temperature of 42-47'C to be used in library screening.

A total of 5,000 plaque forming units were plated out on a 140 mm Petri dish. Plaques were 

transferred to a Hybond-N filter and hybridised at 42®C with the labelled 17 nt oligomer as 

probe. The developed autoradiograph showed approximately 40 spots. In vitro translation 

studies (Fioroni, 1989) Indicated that DDI message constituted up to 1% of total message. A 

figure of 1% would give an expected 50 positive clones from the screening of 5,000 plaques. 

The positive plaques were removed and taken through a second round of screening. 

However, none of the plaques In the second screen hybridised with the probe. The library 

screening was attempted a second time but again no positives were obtained that passed 

through a second round of screening. The plaques lighting up on the primary screen must 

therefore have been false positives. Further screening using the 17 nt oligomer as a probe 

was not attempted.

The Inability of the 17 nt oligomer to detect positive clones was deemed to be due to its 128- 

fold degeneracy and Its high A/T content. Though the hybridisation was carried out In a 

solution containing TMACl to counteract these problems, washes were performed using 

normal wash solutions at room temperature (approximately 20°C). Despite the low wash



temperature it is possible that the binding of the 17 nt oligomer in a solution lacking TMACl 

was so weak that it was removed in the wash solution. It was therefore decided to design a 

new oligomer to the N-terminal DDI sequence to maximise T ^  In both the hybridisation step 

and In subsequent washes.

4.3.2 Screening using a 26 nt oligomer as probe

Degeneracy In the new ollgo was minimised by Incorporating deoxylnoslne at positions where 

all four DNA bases were possibilities. Deoxyinosine binds equally to all four DNA bases 

(Ohtsuka et. al., 1985) so some specificity is lost but it was hoped that by designing a longer 

oligonucleotide of 26 bases that this would Impart the specificity required. Figure 4.4b shows 

the sequence of the new oligonucleotide and compares It with the 17 nt oligomer.

For oligonucleotides longer than 17 bases the following equation Is used to determine T ^  

(Bolton & McCarthy, 1962; Sambrookef. a/., 1989);

Tfn= 81.5 - 16.6(logio[Na+]) + 0.41 (%G + C) - (600/N)

where N = chain length

If an oligonucleotide contains deoxyinosine, S Is substituted for N, where S equals the total 

number of nucleotides minus the number of deoxyinosines. The %G + C also becomes that 

of S. Using this equation with a sodium Ion concentration of 0.9 M (the concentration found In 

hybridisation solution) the T ^  of the 26 nt oligomer Is calculated to be 76°C. A T ^  of 76"C 

would enable a maximum hybridisation temperature of 61 -6 6 °C to be used, facilitating far more 

stringent conditions to be used than with the 17 nt oligomer. Binding of the oligonucleotide 

was Initially maximised by using a hybridisation temperature of 55'C with washes conducted 

up to 60'’C.

An asparagus genomic Southern blot was probed with the labelled 26 nt oligomer to ensure 

that specific binding could be achieved at the proposed hybridisation temperature. A
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genomic blot would also give some indication of the organisation of the DDI gene within the 

genome. The resulting autoradiograph is presented in Figure 4.5 and shows that with a Hin d 

III digest one strongly hybridising band Is present at approximately 1.5 kb with a very faint band 

also present at 3.9 kb. In the lane containing DNA digested with Eco Ri, two hybridising 

bands are also present at approximately 1.8  kb and 3.7 kb. The presence of two bands 

suggests that there are two related genes. In the lane digested with Bgl II only one 

hybridising band can easily be discerned at approximately 8.5 kb. If only one band is present 

this may Indicate that two related genes are organised In tandem array. The fact that discrete 

bands hybridised In the genomic Southern suggests that the 26 nt oligomer Is capable of 

binding specifically. However, the smearing present In the lanes suggested that some non

specific binding was occurring. Therefore, in the library screeing using the 26 nt oligomer, the 

hybrldsatlon temperature was Increased to 60°C from 55'C and washes were conducted up to 

65'C In order to eliminate any non-specific binding.

A total of 3,500 plaque forming units were plated out on 100 mm square Petri dishes at a 

density of 350 plaques per plate. Duplicate plaque lifts were made and the filters probed with 

the labelled 26 nt oligomer. A total of 5 positive plaques were picked which contained 

matching signals on both duplicate filters. The clones were named pDDI -1 to pDDI -5.

4.3.3 Restriction anaiysis of positive ciones

The Bluescrlpt plasmid was rescued from the positive clones and amplified. Eco RI digests of 

the clones revealed the presence of either multiple Inserts or the presence of Internal Eco RI 

sites (Figure 4.6a). The gel was Southern blotted and probed with the 26 nt oligomer to 

determine which Eco RI fragment contained homology to the oligomer (Figure 4.6b). From 

the Southern blot it can be seen that out of the five clones, pDD1-1 has not hybridised to the 

oligomer and must therefore have been a false positive. pDD1-2 and pDD1-3 have both 

hybridised to bands of approximately 1 kb, pDD1-4 to a band of 800 bp and pDD1-5 to a band 

of 500 bp. The hybridising Eco RI fragments were subcloned for further restriction anaiysis.

Sequencing of the N-termlnal regions of each clone was needed In order to determine
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Figure 4.5

Genomic Southern blot of Asparagus DNA probed with the labelled 26 nucleotide synthetic 

oligomer. Arrows show the presence of faint bands.

A total of 10 pg of digested DNA was loaded per lane (lanes are labelled according to the 

restriction enzyme used) and the products run on a 0.8% agarose gel. The hybridised filter 

was exposed to film for 16 hours.
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Figure 4.6

Analysis of positive clones Identified by a primary screen of an Asparagus cDNA library witfi 

the 26 nucleotide oligomer designed to the DDI N-termlnal amino acid sequence.

a) Restriction digests of positive clones. A total of 1-2 pg of DNA were digested with Eco RI 

and products run on a 1% agarose gel. The lane numbers 1-5 refer to the clones pDD1-1 to 

pDD1-5. The presence of multiple Eco RI Inserts can be seen In lanes 2,3 and 4. The band 

at approximately 3 kb corresponds to the linearised Bluescrlpt plasmid.

b) A Southern blot of the gel shown In a). The blot was probed with the labelled 26 nucleotide 

oligomer to determine which of the Eco RI Inserts contained sequence homologous with the 

oligomer. The hybridised blot was exposed for 4 hours.
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whether the clones were actually those coding for DD1. The amount of sequencing required 

was minimised by finding the smallest fragment from each clone that hybridised with the 26 nt 

oligomer and only sequencing this fragment. The clones were digested with suitable 

restriction enzymes (Figure 4.7a) and the products run on a gel which was then Southern 

blotted. The blot was probed with the 26 nt oligomer and gave the resulting autoradiograph 

shown in Figure 4.7b. Immediately apparent from the autoradiograph is that pDD1-2 and 

pDD1-3 gave the same pattern of hybridising bands suggesting that they are the same. 

pDD1-2 was therefore abandoned and further analysis concentrated on pDD1-3. Restriction 

maps of the remaining clones were drawn to determine which fragment contained the region 

hybridising with the 26 nt oligomer (Figure 4.8).

4.3.4 Sequencing of regions eonfalning homology fo the 26 nt oligomer

The restriction fragments in the positive clones containing the regions of homology to the 26 

nt oligomer were subcloned and sequenced. The regions giving the greatest match with the 

oligomer were found and compared using computer analysis. Sequence comparisons can be 

seen in Figure 4.9. Full sequences obtained from the DD1 clones showing regions of 

homology to the 26 nt oligomer can be found in the appendix at the end of this chapter.

From the sequence comparisons it is apparent that none of the DD1 clones had a 100% 

match with the 26 nt oligomer. The clone showing the greatest homology, pDD1-5, had a 

100% match with the oligomer only over a continuous 18 nt length. None of the clones 

therefore contained sequence coding for DD1. Database searches with the sequences 

obtained from the clones showed that pDD1-3 and pDD1-4 had no significant homology to 

any recorded sequence full sequence data obtained from these clones can be found in the 

appendix). However, at the nucleotide level pDD1-5 showed 59% identity with a bean 

glycine-rich cell wall protein (Keller et. al., 1988) and 58% identity with a petunia glycine rich 

protein (Condit & Meagher, 1986; Figure 4.10). Glycine rich proteins are involved In the 

strengthening of the cell wall and some have been shown to rapidly accumulate in response 

to wounding (see section 1.4).
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Figure 4.7

Further analysis of positive clones pDD1-1 to pDD1-5 to determine the smallest restriction 

fragment in each clone that hybridised to the 26 nucleotide oligomer. The restriction 

enzymes used were those known to contain sites within the clones.

a) Restriction digests of the positive clones. 1-2 pg of DNA were used In each digest and 

products run on a 1% agarose gel.

Lane 1 : pDD1-2 digested with Eco Rl.

Lane 2: pDDI -2 digested with Bam HI.

Lane 3: pDD1-2 digested with Sal I.

Lane 4: pDD1-2 digested with Xho I.

Lane 5: pDD1-2 digested with Eco RV.

Lane 6: pDD1-2 digested with Sac I.

Lane 7: pDD1-4 digested with Eco Rl.

Lane 8: pDD1-4 digested with Eco RV.

Lane 9: pDD1-4 digested with Eco RV and Pst I.

Lane 10: pDD1-3 digested with Eco Rl.

Lane 11 : pDD1-3 digested with Bam HI.

Lane 12: pDD1-3 digested with Sal I.

Lane 13: pDD1-3 digested with Xho I.

Lane 14: pDD1-3 digested with Eco RV.

Lane 15: pDD1-3 digested with Sac I.

Lane 16: pDD1-5 digested with Eco Rl.

Lane 17: pDD1-5 digested with Pst I.

Lane 18: pDD1-5 digested with Eco RV and Pst I.

b) Southern blot of the gel shown in a). The gel was probed with the labelled 26 nucleotide 

oligomer and the hybridised fitter exposed to film for 16 hours.
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Figure 4.8

Restriction maps of putative DD1 positive clones shown as inserts present in the pBluescript

vector pSK". The approximate size of the insert is shown as calculated by comparison with

marker size DMAs run on agarose gels. Regions having homology with the DD1 26 

nucleotide oligomer, as deduced from figure 4.7, are shown. Areas sequenced to confirm 

homology to the DD1 N-terminal amino acid sequence are shown by arrows.

Sequence comparisons with the putative positive clones and the 26 nucleotide oligomer are 

shown in figure 4.9 while the full sequence data obtained (number of base pairs as shown) 

can be found in the appendix to chapter 4.
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Figure 4.9

Sequence comparisons between putative DD1 positive clones and the 26 nucleotide

oligomer designed to DD1 N-terminal amino acid sequence. Regions of the positive clones

showing homology to the 26 nucleotide oligomer were sequenced and computer searches 

performed to find sequences showing greatest homology with oligomer sequence. Results 

of this search are shown. : indicates a match either with the same base pair or with inosine.

a) Comparison of 26 oligomer sequence with pDD1-3.

b) Comparison of 26 oligomer sequence with pDD1-4.

c) Comparison of 26 oligomer sequence with pDD1-5.



a) p D D l-3

GTGGAGGCGGCGGCGGAGCTGGTGGT

o l i g o  GTIAAGGCIGTIGCIGTIGTIGCIGG 

A

b) pDDl-4

CCAATGGCGGTGGCGGCGGCGGCGGC

o l i g o  GTIAAGGCIGTIGCIGTIGTIGCIGG 

A

c) pDDl-5

GCCGGCCGCGTGGCAGTGGTGGCTGG

o l i g o  GTIAAGGCIGTIGCIGTIGTIGCIGG 

A



Figure 4.10

Nucleotide homologies between a) pDD1-5 and bean glycine-rich cell wall protein (Keller, e f. 

a/., 1988), and b) pDD1-5 and petunia glycine-rich protein (Condit & Meagher, 1986).



a) p D D l-5  h o m o lo g y  w i t h  b e a n  g l y c i n e - r i c h  c e l l  w a l l  p r o t e in :
59 .2%  i d e n t i t y  i n  223 bp  o v e r la p .

20 30 40 50 60 70
AGCTGATATCGAATTGCCGGCCGCGTGGCAGTGGTGGCTGGGGTGGAGGTGGTTCTGGAG

AAGGTGCCGGTGCTGGATATGGAGCTGCGGGTGGTGGACACGGTGGTGGTGGAGGAAACG 

640 650 660 670 680 690

80 90 100 110 120 130
GTGGTGGCACTGCTGGCGGTAGCGGTGGTTGGGCTGG- - ACCGTGGTGGTTCTGGAGGAG

GTGGTGGC GGTGGCGGTGGTGCTGATGGAGGTGGATACGGAGGAGGGGCTGGTAAAG

700 710 720 730 740 750

140 150 160 170 180 190
GTCGAGATGAGTCTGAGTCTGGCTTTGGAGGCGCTGGGTGGGTTGGTGGTGGTGGTGGTG

GTGGTGGTGA AGGATATGGCGGAGGTGGAGCAAATGGGGGTGGTTATGGTGGTGGAG

760 770 780 790 800 810

200 210 220 230 240 2

GTGGTTCTAAGGGACCGGTTGCTCAGGCTGAAGGGGGTAATGG— GTGGTCCGGAGGCGG
• • • • •  • • • • • • • • • • • •  • • •  • • • «  • • •  ••  • • •  •  • • •  • • • • • • • • • • • •  • • •  • • • •  •

GTGGAAGTGGAGGAGGAGGAGGCGGTGGTGCAGGGGGTGCTGGTAGTGGCTATGGGGGTG

820 830 840 850 860 870

50 260 270 280 290
CGGCAGTGGTTGGTAACAGCGATTAGTAGCGTCTGCAGCCCGGG

GGGAAGGGAGTGGGGCTGGTGGTGGATACGGTGGAGCGAATGGCGGAGGAGGAGGCGGAA 

880 890 900 910 920 930



b ) p D D l-5  h o m o lo g y  w i t h  p e t u n ia  g l y c i n e - r i c h  p r o t e i n :  58 .1%

i d e n t i t y  i n  253 bp  o v e r la p .

10 20 30 40 50
ACGGTATCGATAAGCTGATATCGAATTGCCGGCCG-CGTGGCAGTGGTGGCT

•  • • • • • •  • «  •  • • •  • « • • ••  • •  • • •  •  • • •  • • • • •

GAGGTGGTGCAGGAGGAGGGCTTGGTGGCGGAGTTGGTGGAGGTGGAGGAGGAGGTAGTG

1200 1210 1220 1230 1240 1250

60 70 80 90 100
GGGGTGGAGGTGGTTCTGGAGGTGGT GGCACTGCTGGCGGTAGCGGTGGTTGGGCTG

GTGGTGGGGGAGGTATAGGAGGTGGTTCAGGACATGGTGGAGGATTCGGAGCCGGAGGTG 
1260 1270 1280 1290 1300 1310

110 120 130 140 150 160
— GACCGTGGTGGTTCTGGAGGAGG-TCGAGATGAGTCTGAGTCTGGCTTTGGAGGCGCT

GTGTAGGTGGTGGTGTTGGAGGAGGAGCTGCAGGAGGAGGTG-GTGGAGGAGGAGGCGGT 

1320 1330 1340 1350 1360 1370

170 180 190 200 210 220
GGGTGGGTTGGTGGTGGTGGTGGTGGTGGTTCTAAGGGAC CGGTTGCTCAGGCTGA

GGTGGCGGAGGAGGTGGTGGTCTTGGCGGAGGATCAGGACATGGTGGTGGATTTGG-TGC 
1380 1390 1400 1410 1420 143

230 240 250 260 270 28
AGGGGGT- - AATGGGTGGTCCGGAGGCGGCGGCAGTGGTTGGTAACAGCGATTAGTAGCG

AGGTGGTGGAGTTGGAGGTGGAGCTGCTGGAGGAGTAGGAGGTGGAGGAGGATTCGGAGG 

0 1440 1450 1460 1470 1480 149

0 290

TCTGCAGCCCGGG

TGGTGGTGGTGGAGGCGTAGGGGGAGGATCAGGTCATGGGGGTGGCTTTGGTGCAGGTGG 

0 1500 1510 1520 1530 1540



4.4 An Identity fer the DD1 protein

Although previous database searches did not reveal any matches with the DD1 N-terminal 

amino acid sequence data, a further database search at this juncture showed the sequence to 

have 82% identity at the amino acid level with maize superoxide dismutase 2 (S0D2; Cannon 

et. al., 1987).

4.5 Goncluslons

Attempts were made to clone the gene corresponding to the protein referred to as DD1. 

Initially the antibody to DD1 was assessed to determine if it was sensitive enough for library 

screening. By altering the combinations of secondary antibodies and substrates used the 

sensitivity of the antibody was enhanced but even at its most sensitive was only capable of 

detecting a minimum of 250 ng of DD1 protein. Library screening attempts with the antibody 

were therefore unsuccessful.

Further library screening attempts concentrated on the use of oligonucleotides designed to 

the DD1 N-terminal sequence. The first oligonucleotide used was 17 bases in length and had 

been designed by Fioroni (1989). Despite incorporating TMACI into the hybridisation buffer 

when probing with this oligonucleotide, no positive clones were detected. This was 

considered to be due to a combination of its high degeneracy, low T^, and possibly the use 

of washes that were too stringent.

A second oligonucleotide was designed in an attempt to increase T ^. Deoxyinosines were 

used to minimise the degeneracy of the oligonucleotide while the length was of 26 bases to 

improve specificity. Library screening with the new oligonucleotide appeared to give positive 

clones but sequencing of regions binding to the 26 nt oligomer showed that the clones were 

all false positives. The oligonucleotide appears to have bound to regions containing a high 

GC content and in this respect it is interesting that sequence data from one of the clones 

analysed, pDD1-5, showed high homologies to two glycine-rich proteins which have high GC
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contents.

Genomic Southern analysis with the 26 nt oligomer as probe indicated that there may be two 

related genes present in the asparagus genome. The analysis also showed that the related 

genes were possibly arranged in tandem.

A homology of 82% with maize superoxide dismutase 2 (Cannon et. al., 1987), identified the 

DD1 N-terminal sequence as being that belonging to an asparagus superoxide dismutase. 

This identification provided more targeted approaches to the cloning of this gene than 

continuing further with the 26 nt oligomer, and the successful cloning of the asparagus SOD 

is detailed in the succeeding chapter.
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Appendix

1) Sequence from pDD1-3 containing region of homology to 26 nt oligomer designed to DD1 N- 
terminal protein sequence. The sequence is 5’-3’ with respect to Figure 4.8. The dashed lines { -  
-) show the region of homology to the 26 nt oligomer.

CCCTCCGCCATCAATTCCCGCCACCACCAGCTCCGCCGCCGCCTCCACCGCCGACGATGA 

10 20 30 40 50 60

CCTCTACTCCGTCCTCAAATCCCTCCAGCGCGAGATCGAGTTCATCGACATCCAGGAGGA 

70 80 90 100 110 120

GTACGTCAAGGACGAGCTCAAGAACCTCAAGCGCGACGATCTCGCGCCCAGGAGGAGGTC 
130 140 150 160 170 180

_______  Bam H I s i t e

AAGCGGGATCCAGTCGGTTCCTCTCGTCATCGGCCAGTTCATGGAGATGGTCGATCAGAA 
190 200 210 220 230 240

CAACGGAATCTCG

250

2) Sequence from pDD1-4. The sequence is 5’-3’ with respect to Figure 4.8. The dashed lines 

show the region of homology to the 26 nt oligomer.

CGGAACCTTTTCACAGAGTAGCGTCCAGCAGTATGTGGAGATATGTCGCATGCTTCTCAA 
10 20 30 40 50 ' 60

CTCTTACAGCTATATAGTCAACCAGTGACATATCACTTACATTAACATCATCGAAAGTCC 
70 80 90 100 110 120

ATCGGTTGAAGAGCTTAACGTCGAGTGCCGTCGTCTCAACTGCCGCCGCCGCCGCCACCG 
130 140 150 160 170 180

----------   ECO R l

CCATTGGAGATGAGAGATCTGAGCGGCCGCGAATTC s i t e  

190 200 210
100



3) Sequence from pDD1-5. The sequence is 5’-3’ with respect to figure 4.8. The dashed lines show 
the region of homology to the 26 nt oligomer.

ACGGTATCGATAAGCTGATATCGAATTGCCGGCCGCGTGGCAGTGGTGGCTGGGGTGGAG 
10 20 30 40 50 60

GTGGTTCTGGAGGTGGTGGCACTGCTGGCGGTAGCGGTGGTTGGGCTGGACGTGGTGGTT 
70 80 90 100 110 120

CTGGAGGAGGTCGAGATGAGTCTGAGTCTGGCTTTGGAGGCGCTGGGTGGGTTGGTGGTG 
130 140 150 160 170 180

GTGGTGGTGGTGGTTCTAAGGGACCGGTTGCTCAGGCTGAAGGGGGTAATGGGTGGTCCG 
190 200 210 220 230 240

_______  P s t  I
GAGGCGGCGGCAGTGGTTGGTAACAGCGATTAGTAGCGTCTGCAGCCCGGG s i t e  

250 260 270 280 290
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CHAPTER 5

G L O N B N G  O F  A B P A R A Q U S  B U P E R G X m E  

D I B I V I U T A B E  ( B O D )  A N D  A N A L V B I B  O F  

E X P R E 8 B : 0 N

5.1 Introduction

SODs are developmentally regulated and respond to various environmental stresses 

including pathogen attack (Bowler ef. a/., 1989; Williamson & Scandalios, 1992), light (Tsang 

ef. a/., 1991), and wounding (Perl-Treves & Galun, 1991). The upregulation of a cytosolic 

Cu/Zn-SOD by wounding in tomato (Perl-Treves & Galun, 1991) may indicate that the 

asparagus SOD corresponding to the DD1 N-terminal sequence is wound-inducible. It 

appears that any disturbance in the normal balance between the amount of superoxide 

anions formed within cells and those removed by SODs and non-enzymic antioxidants (see 

section 1.7.2) leads to induction of SOD activity (reviewed by Bowler ef. a/., 1992).

The stimulation of cultured plant cells with elicitors of the defence response leads to a rapid 

production of hydrogen peroxide (Apostol ef. a/., 1989; Legendre ef. a/., 1993), one of the 

products of the reaction of superoxide anions with SOD. Cultured plant ceils are therefore 

capable of exhibiting some of the same responses as intact plants to similar stresses. It is 

therefore possible that the upregulation of the asparagus SOD in cell culture may mirror a 

response to wounding in an intact plant.

MnSOD has been shown to be highly abundant in tobacco cell suspension cultures (Bauw 

ef. a/., 1987) but in this instance the high abundance was thought to be due to high levels of 

respiration caused by the presence of sugar in the culture medium (Bowler, ef. a/., 1989).
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The activities of enzymes investigated in a cell culture system must therefore be studied in 

whole plants before statements can be made concerning their upregulation in response to 

various stresses.

The discovery that the N-terminal sequence of the DD1 protein had 82% identity at the amino 

acid level with maize SOD2 (Figure 5.1), a cytosolic Cu/Zn SOD (Cannon et al., 1987), 

provided more targeted approaches to the cloning of the gene for DD1. Cu/Zn SODs share a 

very high degree of homology at the amino acid level and this information has been used by 

many researchers to design synthetic oligonucleotides for use as probes in library screening 

and has led to the successful isolation of genes for several SODs (Cannon ef. a/., 1987; Perl- 

Treves ef. a/., 1988; White & Zilinskas, 1991). Primers have also been designed for use in 

PCR to aid in the cloning of a bovine Cu/Zn SOD (Gibbs & Shaffer, 1990) and this approach 

was adopted initially to clone DD1.

Once the gene for DD1 was obtained it could be used as a probe in northern analysis to study 

gene expression in response to wounding. Expression as a consequence of the cell culture 

system could also be studied to assess how expression correlated with the protein identified

as DD1 on the two-dimensional gel analysis of in vitro translated poly (A)+ RNA isolated from

cell cultures (section 4.1, Figure 4.1). Knowing that the DD1 protein apparently 

corresponded to the SOD enzyme also stimulated the study of SOD activity in cell cultures 

and in wounded seedling tissue.

5.2 Study of SOD activity In cell culture and In wounded tissue

SOD activity was studied using in situ gel activity assays which enables the study of changes 

in the activity of individual SODs (Beauchamp & Fridovich, 1971). Following separation of 

protein in a native gel by polyacrylamide gel electrophoresis, the gel is immersed in a buffer 

containing riboflavin and nitro-blue tétrazolium (NBT) and incubated in the darl( for up to one 

hour. Subsequent exposure to light causes photochemical reduction of the riboflavin, 

generating superoxide radicals which reduce the NBT to produce blue formazan. The gels
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Figure 5.1

Diagram showing how the maize S0D2 amino acid sequence (Cannon et. al., 1987) compares 

with the DD1 N-terminal amino acid sequence.
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stain uniformly blue except at positions containing SOD where the superoxide radicals are 

scavenged. Bands of white SOD activity are therefore clearly visible against a blue 

background.

A gel showing SOD activity in cladodes and in successive days in cell culture is shown in 

Figure 5.2a. It can be seen that in cladode 6  activity bands are visibie with 4 bands (SOD-1, 4, 

5 and 6 ) showing strong activity and 2 bands showing low activity (SOD-2 and 3). SOD-1 

increases slightly in activity following single cell isolation, while SOD-2, 3, and 4 increase 

significantly in activity. SOD-5 and 6  are seen to decrease in activity with the activity of SOD-5 

almost disappearing entirely by day 8  in culture. After 6 /8  weeks in culture the activity assay 

pattern resembles that seen in day 8 . Using the cyanide sensitivity test (see section 1.7.3), 

SOD-1 was determined to be a Mn-containing SOD. No evidence was found for an Fe- 

containing SOD. The other 5 SODs are therefore Gu/Zn-containing SODs though no 

differentiation has yet been made between chloroplastic and cytosolic SODs.

To see if the changes observed in SOD activity levels could be due to wounding stresses 

acting on the system, an in gei assay was performed using protein from wounded seedling 

tissue. Dark grown, etiolated seedlings were sliced into 5 mm segments and left on moist filter 

paper for a varying number of days in the darlt. Protein was isolated and assayed with the 

resulting gel shown in figure 5.2b. Immediately apparent is the fact that the SOD activity 

profile in daric grown seedlings differs from that of cladode and very closely resembles that of 

day 8  cell culture protein. Wounding does not appear to change the activity of bands present 

in the unwounded seedling but gives rise to extra bands of SOD activity. These extra bands 

(S0D-4a and 4b) could be wound-induced SODs present in asparagus though it can not be 

discounted that the extra bands are a result of infection since it was very difficult to keep the 

seedlings sterile in the procedure used. However, the pattern observed is very much that 

expected of an induced enzyme with S0D-4a appearing day 1 following wounding and 

increasing in activity to day 4, and S0D-4b appearing from day 3. SOD activity in root protein 

corresponds with that seen in unwounded etiolated seedling tissue.
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Figure 5.2

In situ gel assays of SOD activity in asparagus.

a) SOD activity in ciadode tissue and in cell culture. D1 to D8 refer to the number of days in 

cell culture following the single cell isolation procedure. Activity was also observed in six week 

old cell cultures and this lane also shows how the asparagus SODs were named, as referred to 

in chapter 5.

b) SOD activity in chopped up seediings and root tissue. Following germination and growth 

for two weeks in the dark, asparagus seedlings were removed, chopped into 5 mm sections to 

simulate wounding, and placed in the dark on moist fitter paper in Petri dishes for varying 

numbers of days prior to isolating protein. DO to D4 refer to the number of days following the 

wounding stimulus.

Root protein was obtained from the roots of six week old asparagus seedlings grown in the 

light.

The Mn-SOD lane shows the effect of adding cyanide to the buffer solution used in staining, 

to which only SOD containing Mn as a metal cofactor is resistant.

All activity assays shown in this figure were conducted using 20 pg of protein loaded per lane.
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5.3 Cloning of asparagus SOD (DD1)

5.3.1 PCR (0  obtain asparagus SOD probe

The high homoiogy that exists between SODs isolated from different plants prompted the 

use of PCR as a technique to obtain a fragment of DNA homologous to the asparagus SOD 

that could then be used to screen a cDNA Library and obtain a fuil-length gene. Ail plant 

cytosolic Cu/Zn SODs so far sequenced contain a highly conserved region of 9 amino acids 

present at the C-terminal end (White & Zilinskas, 1991). A 28 nt oligomer was therefore 

designed to this region to provide a PCR primer. The greatest variation in the amino acid 

sequence of different SODs occurs at the N-terminal end (Kanematsu & Asada, 1990). 

However, since N-terminai sequence data was already available for the asparagus SOD, this 

presented no probiem and the 26 nt oligomer designed for use in iibrary screening (section 

4.3.2, Figure 4.4b) was used as the second PCR primer. Both oligomers to be used in PCR 

were determined to have similar Tms of 76°C and 80T3. Figure 5.3 shows the design of the 

oligonucleotides used in PCR and a description of the methodology behind the cloning of 

the asparagus SOD.

Conditions for the PCR reaction were optimised by using the maize S0D2 gene (Cannon et. 

al., 1987) in the plasmid pS0D2.1c (obtained from John Scandalios, North Carolina State 

University, USA) as a template control, since analysis of the maize clone revealed that the 

oligonucleotides designed for the cloning of the asparagus SOD could also be used to 

amplify, by PCR, the maize gene. This enabled the maximum annealing temperature to be 

determined allowing amplification of the SOD gene while eliminating nonspecific amplification. 

It was determined that an annealing temperature of TO'C could be used and still give the 

expected band size of 450 bp.

Reactions were set up containing both synthetic oligomers and an aliquot of the asparagus 

cDNA library constructed by Simon Warner (1992) in the vector 1-ZAP, containing 500,000 

plaque forming units. A control tube containing wild type 1-ZAP was also set up so that any 

PCR bands formed as a result of homology between the oligonucleotides and 1-ZAP could 

be eliminated. Following 30 cycles of amplification, PCR products were extracted and run on
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Figure 5.3

Figure showing the design of primers used in amplifying the Asparagus SOD from a cDNA 

library via PCR technology. A description of the methodology used to obtain 5’ and 3’ 

untranslated regions is aiso shown.



CLONING ©F ABPARAGU0 0©D

Primers designed for PCR:

1 ) known N-terminal sequence

N - V K A V A V V A G - C
5 ‘ -  G TIAAAGCIGTIGCIGTIGTIGCIGG -  3 

G

sense oligo 
26mer, 7 inosines,
2-fold degenerate

2) highly conserved sequence at 0-terminal 
end of all plant Cu/Zn SODs

N - C L Q G
3 ■ - ACACCATAATAACCIAAIGTTCCATGGC 

G G G C

- c antisense oligo
28mer, 2inosines,

-  5 ' 8-fold degenerate

Kpn I site

Primers used to PCR SOD from cDNA 
library in lambda ZAP.
Library constructed from poly (A)-E 
RNA isolated from 1-3 days 
following single cell isolation.

V
PCR fragment obtained confirmed 
to be SOD by strong hybridisation 
to maize S0D2.

V

Fragment used to rescreen library 
to obtain clones containing 
5' and S' regulatory regions.



an agarose gel (Figure 5.4a). Though extremely faint, a product band of approximately 450 

bp was visible from the reaction with the asparagus library. The size corresponded with that 

obtained with PCR from the maize clone indicating a high probability that the 450 bp band 

seen was the required product.

To test whether the PCR product was homologous to the maize SOD, and hence confirm its 

identity, a duplicate gel was run, Southern blotted and the filter hybridised with the maize 

S0D2 gene as probe. The result is shown in Figure 5.4b. The asparagus PCR product 

clearly hybridised to the maize SOD, providing further evidence that the PCR product 

obtained was the correct one. The Southern blot also appears to indicate the presence of 

more than one hybridising band suggesting that the PCR reaction has given rise to more than 

one band with homology to SOD. This is not surprising considering the high degree of 

homology between SODs it is possible that more than one SOD can be obtained with the 

same primer combination.

The 450 bp PCR fragment from the asparagus library was removed from the original gel and 

purified using “Gene Clean” (see 2.9.2). The product was used as template in a further PCR 

reaction to amplify the amount of DNA. The resulting product was then run on a high 

percentage agarose gel (2.5%), to see if more than one band could be resolved, a possibility 

indicated by the Southern blot. The resulting gel can be seen in Figure 5.4c in which up to 4 

bands are visible. The band most closely corresponding with the maize SOD band was 

removed from the gel and purified and attempts were made to clone the fragment in 

preparation for sequencing. However, despite incorporating a Kpn 1 site into the 28 nt 

oligomer design, the 450 bp product did not prove possible to clone by conventional 

methods. This is possibiy due to the loss of or incorporation of incorrect nucieotides at 

positions which contribute to the Kpn 1 site. It was therefore decided to use the PCR product 

as a probe to screen the asparagus library. This has two distinct advantages over cloning the 

PCR product directiy: 1) ciones obtained from the iibrary wouid contain 5’ and 3’ untranslated 

regions missing from the PCR product, and 2) mistakes in DNA sequence introduced by PCR 

(Keohavong & Thilly, 1989) would not be present.
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Figure 5.4

a) Agarose gel showing results obtained from the PCR of an asparagus oDNA library, present 

in the vector X,-ZAP, using primers specific for SOD. The PCR reaction consisted of 30 cycles 

of 1 min denaturing at 95'C, 1 min annealing at 70*0, and 1 min extension at 72'C. The 

template DNA used was a 1 pi aliquot of the asparagus cDNA library containing approximately

500,000 plaque forming units.

lane M - Ikb ladder as marker DNA

lanel - PCR with the maize S0D2 gene as template

lane 2 - asparagus cDNA library as template in which a faint band at approximately 450 bp can 

be seen

lane 3 - wild type X-ZAP (ie, containing no insert DNA) as template

b) Southern blot of the gel described in a). The maize S0D2 gene was used as a probe with 

hybridisation carried out at 50‘C. The filter was exposed to film for 2 hours.

c) The 450 bp product visible in lane 2 of a) was removed and used as template in a further 

PCR reaction with the resulting products run on a 2% agarose gel to aid differentiation of 

bands.

lane M -1 kb ladder as DNA marker

lane 1 - PCR with the maize S0D2 gene as template

lane 2 - 450 bp product as template in which up to 4 product bands are visible

In all gels showing PCR products, the reaction was set up in a total volume of 50 pi. Following 

extraction of the DNA products with chloroform, 5 pi was then run on the gel.



a )
M

b)

3.0

2.0 
1.6

1.0

0 .5

M 1 2 3

C )

3 .0

2.0 
1.6

1.0

0 .5

0 .4
0 .3 5



5.3.2 Library screening with PCR product as probe

A total of 20,000 plaque forming units were screened using plates of 140 mm diameter with a 

density of 4,000 plaque forming units per plate. Duplicate filters were hybridised using the 

PCR 450 bp fragment as a probe, and from the initial screen 10 hybridising plaques were 

identified.

Positive plaques were confirmed prior to further rounds of purification by using PCR with 

commercial primers available to the Bluescript plasmid to remove the inserts from the X-ZAP 

phage vector. Products were run on an agarose gel. Southern blotted and probed initially 

with the 450 bp PCR product. The filter was then stripped and reprobed with the maize SOD 

gene to confirm that any positives were also homologous to the maize SOD. Of the 10 initial 

positives picked, only 4 hybridised a second time with the 450 bp probe (Figure 5.5a) and out 

of these only 3 also hybridised with the maize S0D2 gene probe (Figure 5.5b). Of these 3 

potential positives, number 6  gave the strongest hybridising signal and therefore seemed the 

likeliest candidate for the asparagus SOD. The three clones were taken through two further 

rounds of screening to obtain plaque pure samples (Figure 5.6). Clone 7 did not hybridise in 

further rounds, while the recombinant plasmids in numbers 4 and 6  were rescued and 

retained for further analysis. The positive plasmids were named pS0D4 and pSODG.

5.4 Bubeloning end sequencing of pSGD6

Restriction analysis of pSODG revealed the presence of an internal Eco RI site which was 

utilised for subcloning. A restriction map of the clone together with subcloning and 

sequencing strategy is shown in Figure 5.7. Sequencing was carried out using the dideoxy 

chain termination method (Sanger et al., 1977) with the result presented in Figure 5.8. The 

clone pS0D6 was found to contain a total of 719 bases. Computational analysis of the 

sequence revealed a predicted open reading frame of 151 amino acids with the translation 

start site ATG codon at base 67 and the stop codon TGA at base 520 (with reference to Figure 

5.8). There are 6 6  bases of 5’ untranslated region and 196 bases of 3’ untranslated region. 

No poiy A tail is present suggesting that the 3’ region of the clone is incomplete. The open
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Figure 5.5

Results obtained from a primary screen of the Asparagus cDNA library using initial PCR 450 bp 

product as probe. Plaques picked from this screen were used in a PCR reaction with 

commercially available primers to the vector to enable rapid identification of positives prior to 

plaque purification. Products of the PCR reaction were run on an agarose gel and then 

Southern blotted.

a) Southern blot probed with the PCR 450 bp product. Lanes marked M contained 1 kb 

ladder as marker DNA. Lanes 1-10 refer to potential positives picked from the primary screen. 

Lanes 4,6,7 and 8 were seen to give positive signals. The fitter was exposed to film for 3 

hours.

b) Southern blot from above stripped and probed with the maize S0D2 gene. Oniy ianes 4,6 

and 7 have given positive signals. The filter was exposed for 3 hours.
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Figure 5.6

Autoradiograph of a secondary library screen to obtain plaque pure samples. Numbers refer 

to the clone number assigned from the primary screen. The filters were probed with the 450 

bp PCR product and left exposed to film for 16 hours.



&

#  #

#

#

( Ü
(O



Figure 5.7

Restriction map of pS0D6 stiowing subcloning and sequencing strategy.
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Figure 5.8

Nucleotide sequence of Asparagus officinalis SOD, pS0D6, showing deduced amino acid 

sequence. Lines above the amino acid sequence show regions homologous to the primers 

used in PCR. The sequence shown is taken from the 720 bp Eco RI insert with reference to 

Figure 5.7 and therefore starts and finishes with an Eco RI site.



Eco R I

GAATTCGCGGCCGCTAGAAACCTCTCTCTCTCTCTCTCCAAGGGGTCGCCTGAGATCACA
1 0 2 0 30 40 50 60

M V K A V A V V A G D V V K G H V F
TAAAAAATGGTGAAGGCTGTTGCTGTAGTTGCTGGTGATGTCGTGAAGGGCCATGTTTTC

70 80 90 1 0 0 1 1 0 1 2 0

F S Q E G D G P T T V T G S V S G L K P
TTCAGCCAAGAGGGAGATGGCCCAACTACAGTAACCGGAAGTGTCTCTGGTCTGAAACCC

13 0 140 150 160 170 180

G L H G F H V H A L G D T T N G C M S T
GGGCTTCATGGTTTCCATGTTCATGCTCTTGGTGACACCACAAATGGGTGCATGTCCACT

190 2 0 0 2 1 0 2 2 0 230 240

G P H F N P A G K E H G A P E D E N R H
GGACCTCATTTCAATCCTGCTGGAAAGGAACATGGGGCACCTGAAGATGAGAATCGCCAT

250 260 270 280 290 300

A G D L G N V T A A E D G T A T F S I  T
GCTGGTGACCTTGGAAATGTGACTGCTGCTGAGGATGGGACCGCTACTTTCAGTATTACT

310 320 330 340 350 360

D S Q I P L T G P N S I I  G R A V V V H
GACAGTCAGATTCCACTCACTGGGCCGAATTCCATTATTGGAAGAGCTGTTGTTGTCCAT

370 380 390 400 410 420

A D P D D L G K G G H E L S K S T G N A
GCTGACCCTGATGATCTTGGAAAGGGTGGACACGAGCTTAGCAAAAGCACTGGAAATGCT

430 440 450 460 470 480

G G R V G C G I I  G L Q A *
GGCGGAAGAGTTGGCTGTGGTATCATTGGACTTCAGGCTTGAGCAATTCAAAACTTTGTT 

490 500 510 520 530 540

GTTGGCACTCGGAGTTGAATCGTGACGCGAGGATGATACTATTATGTATCACAAACACAT 
550 560 570 580 590 600

GCTTCTTTGATGTTTAGTGCTATGCGGAATAAGAAAACTTGTCGTGATATGCTGAATAAG 
610 620 630 640 650 660

AGAACTTTTGGTTATGTAACTGTTGTTCTGTATCCTGGAAATTGGCCGGCCGCGAATTC 
670 680 690 700 710 720

E co R I



reading frame encodes a full length SOD sequence which has a predicted moiecuiar mass of 

15 kDa and an isoeiectric point of 6.0, corresponding ciosely with DD1 which, on 2-D gei

anaiysis of in vitro transiated poly (A)""" RNA, had an approximate mass of 14 kDa and an 

isoeiectric point of 5.6. Study of the pS0D6 transiated amino acid sequence showed 100% 

homoiogy with the N-terminai sequence of the DD1 protein and aiso 100% homology with the 

primers used in PCR (Figure 5.9).

An EMBL database search reveaied that the open reading frame contained within pS0D6 had 

high homoiogy with many piant Cu/Zn SODs (Figure 5.10). At the protein ievei a higher 

homology with the cytosoiic form (80-88%) was found than with the chloroplastic form (6 6 %). 

Aiso, no evidence was found for a transit peptide that would direct import into the chloroplasts 

suggesting that pS0D6 encodes the gene for an asparagus cytosolic Cu/Zn-SOD.

5.5 Analysis of pS0D4

A second cione, besides pS0D6, identified as a putative positive for the gene for DD1 was 

pS0D4. Restriction mapping of pS0D4 indicated the presence of an internal Eco RI site. 

Since an internai Eco Ri site was aiso found in pS0D6 this suggested a reiationship between 

the two ciones with the difference being that pS0D6 was 720 bp in iength whiie pS0D4 was 

approximateiy 740 bp. Approximateiy 250 bp of sequence data were obtained for the 5’ and 

150 bp for the 3' regions of pS0D4 so that a direct comparison with pS0D6 could be made. 

Sequence from the 5’ region of pS0D4 had a 100% match with sequence from the 5' region 

of pS0D6 (Figure 5.1 la), with base 8  of pS0D4 matching with base 102 onwards of pS0D6. 

The 5’ untransiated region present in pS0D6 is absent from pS0D4 which aiso iacks the first 

11 amino acids of the N-terminai sequence, but does contain a 100% match with the other 17 

amino acids of the DD1 sequence (Figure 5.11b). The sequence of the 3’ region obtained for 

pS0D4 was expected to contain approximateiy 30-50 base pairs of overiap with pS0D6 

sequence. However, no match was found between the 150 bp of pSOD4 3’ region 

sequence (Figure 5.11c) and pS0D6. This unexpected result could be due to miscalculation 

of the exact length of the pS0D4 clone but could also indicate the presence of a second
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Figure 5.9

Diagram showing how the sequence of pS0D6 compares with a) the DD1 N-terminai amino 

acid sequence, b) the 26 nt oligomer designed to the DD1 amino acid sequence, and c) the 

28 nt oligomer designed to a highly conserved region present at the C-terminal end of plant 

cytosolic Cu/Zn SODs (White & Zilinskas, 1991).

: represents an exact nucleotide match 

. shows a match with deoxyinosine



a)

b)

pS0D6 VKAVAWAGDWKGHVFFSQEGDGPTTV

D D l VKAVAWAGDWKGHVFFSQEGDGPTTV

C)

pS0D6 5 ' -GTGAAGGCTGTTGCTGTAGTTGCTGG-3

s e n s e
o l i g o

5 ' -G TIAAG G C IG TIG CIG TIG TIG CIG G -3 
A

pS0D6 3 ' -ACACCATAGTAACCTGAAGTCCGA-5‘

a n t is e n s e  3 ' -ACACCATAGTAACCIGAIGTCCCATGGC-5

o l i g o  G A A T

Kpn I site



Figure 5.10

Comparison of the deduced amino acid equence of the Asparagus SOD, pSODG, with the 

amino acid sequences of cytosolic Cu/Zn SODs from maize S0D2 (Cannon et al., 1987), 

maize S0D4 (Cannon & Scandalios, 1989), pea (White & Zilinskas, 1991), cabbage (Steffens 

et. a!., 1986), tomato (Perl-Trevesef. a/., 1988), and tobacco (Tsangef. a/., 1991). Conserved 

residues are enclosed In boxes. Residues involved In the formation of ligands to Cu are 

marked * whiie the aspartic acid residue that forms a iigand to Zn is marked *.
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Figure 5.11

Comparisons of the sequence of pS0D4 with pS0D6 and with the DDl N-terminai amino acid 

sequence.

a) Alignment of the nucleotide sequence of the 5’ region of pS0D4 with homologous 

sequence from pS0D6. The full nucleotide sequence of pS0D6, to which the base numbers 

refer, can be found in Figure 5.8.

b) Alignment of the deduced amino acid sequence from the nucleotide sequence of pSOD4 

shown in a) above with the N-terminal amino acid sequence from the DDl protein.

c) Sequence from pS0D4 3’ region that contained no homology to pS0D6. The figure Is 5' to 

3’ with respect to Figure 5.15.

The line above a region of pS0D4 nucleotide sequence in a) corresponds to the region 

showing homology to the DDl N-terminal amino acid sequence as seen in b).



pS0D4 - top line, bases 1 to 22 6 
pS0D6 - bottom line, bases 95 to 333

TGATATCCGTGAAGGGCCATGTTTTCTTCAGCCAAGAGGGAGATGGCCCAACTACAGTAA

GTGATGTCGTGAAGGGCCATGTTTTCTTCAGCCAAGAGGGAGATGGCCCAACTACAGTAA

CCGGAAGTGTCTCTGGTCTGAAACCCGGGCTTCATGGTTTCCATGTTCATGCTCTTGGTG

CCGGAAGTGTCTCTGGTCTGAAACCCGGGCTTCATGGTTTCCATGTTCATGCTCTTGGTG

ACACCACAAATGGGTGCATGTCCACTGGACCTCATTTCAATCCTGCTGGAAAGGAACATG

ACACCACAAATGGGTGCATGTCCACTGGACCTCATTTCAATCCTGCTGGAAAGGAACATG

GGGCACCTGAAGATGAGAATCGCCATGCTGGTGCACCTTGGAAATGT

GGGCACCTGAAGATGAGAATCGCCATGCTGGTGCACCTTGGAAATGTGACTGCTGCTGAG

b)

pS0D4 ISVKGHVFFSQEGDGPTTV

DDl VKAVAWAGDWKGHVFFSQEGDGPTTV

C)

TATCGTTCAACTGCTTGTTAACTGATTTTTCATCTGCATGAGATCCTGGAGATACATTGA 

10 20 30 40 50 60

TGTCAACCTTGTAATGTGGAGGGAAGCATCGCATTAGCTTAACTCTCAAGCACAAGCCAA 

70 80 90 100 110 120
_______  ECO R I

TAACTGGCGGCCGCGAATTC site 
130 140



SOD gene. Restriction maps of both clones showing the reiationship between the two is 

presented in Figure 5.12. From the position of the internal Eco RI site and from the 

sequence data obtained it appears that pS0D4 lacks some of the 5’ untranslated region 

present in pS0D6 whiie possessing a more extensive 3’ untransiated region.

5.5.1 Genomic analysis of pS0D4 and pS0D6

To determine whether pS0D4 and pS0D6 were in fact identical, a genomic Southern anaiysis 

was performed, if the clones were the same it was expected that they would hybridise to the 

same restriction enzyme fragments obtained from genomic DNA.

Asparagus genomic DNA was digested with Hin d iii, Eco Ri and Bgl il, run on duplicate 

agarose geis and prepared for Southern blotting. Sequencing had shown that the greatest 

divergence in the clones occurred in the 3' regions. Probes were therefore prepared using 

Eco Ri digests and purifying the DNA fragments corresponding to the 3’ regions, which were 

the 350 bp fragment from pS0D6 and the 420 bp fragment from pS0D4. The result is shown 

in Figure 5.13. Severai bands have hybridised for each digest with both probes suggesting 

either a compiex genomic organisation or the probes have hybridised to reiated SOD genes. 

However, what is apparent is that the pattern of hybridising bands differs for pSOD4 and 

pS0D6, most noticeabiy pS0D4 hybridises to bands at approximately 500 bp and 850 bp 

with the Eco Ri digest which cannot be seen with pS0D6, suggesting that they are different 

ciones.

Since the clone pS0D6 contained a full open reading frame encoding SOD and showed 

100% homology with the entire iength of the DDl N-terminai amino acid sequence, further 

studies concentrated on this clone.

5.6 fn v/fm transcription and translation studies of pSOD6

An in situ SOD activity assay showed the presence of six SODs in the asparagus ceii culture
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Figure 5.12

Restriction maps of pS0D4 and pS0D6 showing the known relationship between the two 

clones.
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Figure 5.13

Asparagus genomic Southëm blots probed with pS0D6 and pS0D4 specific probes. A total 

of 10 pg of genomic DNA were digested and loaded in each lane. DNA markers are shown In 

kb. Restriction enzymes used were Hind III (H3), Eco RI (RI) and Bgi II. The hybridised filter 

was exposed to film for 136 hours.
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system. In vitro transcription and transiation studies were used to identify which of the activity 

bands corresponded to that of pSOD6 . The pSK" vector enables the production of transcript 

from a piece of insert DNA using either the T3 or T7 promoters, depending on the orientation 

of the insert. The transcript can then be translated and the products run on a non-denaturing 

PAGE gei. A diagram showing the outiine of the methodoiogy used is shown in Figure 5.14.

The initiai transiation products from pS0D6 were divided into two with one aiiquot run on a 

denaturing gei to ensure that a product of the expected size of 15 kDa was obtained (Figure 

5.15a). The resulting signal, showing a product at 15 kDa, was faint as expected since [^®S]- 

methionine was used as a iabei and pS0D6 contains only two methionine codons, inciuding 

the initiai start methionine.

The second aliquot of transiation products was added to a sampie of ciadode protein and run 

on a native gei. Cytosolic Cu/Zn SODs exist as a dimeric subunit structure with ligand 

formation to Cu and Zn ions required to give the correct conformation. The transiation mix 

does not contain Cu or Zn ions so rather than altering reaction conditions, the ciadode protein 

extract was added to the transiation products in the expectation that Cu and Zn ions present 

in the extract wouid ai low ligand formation and hence the production of the correct protein 

conformation in the labeiied products. The native protein gei was run and stained for SOD 

activity (Figure 5.15b). The gei was then dried and exposed to fiim with the resulting 

autoradiograph shown in Figure 5.15c. By aligning the autoradiograph with the dried, stained 

gei, it couid be seen that the band present on the autoradiograph matched that of activity 

band 4. The clone pS0D6 was therefore correlated with that of SOD-4 (with reference to 

Figure 5.2a) and aiso provided further evidence that pS0D6 did indeed encode a gene for 

the enzyme superoxide dismutase.

5.7

Though the predicted isoeiectric point and molecular mass of pS0D6 corresponded very

closely with that of DDl, further confirmation of expression was required to determine
/
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Figure 5.14

Diagram showing an outline of the in vitro transcription and translation technique used to 

ascertain which of the SOD activity bands corresponded with the Asparagus SOD gene, 

pS0D6.
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Figure 5.15

Results of the in vitro transcription and translation experiment as outlined in Figure 5.14.

a) Translation products mn on a 15% denaturing PAGE gel alongside marker proteins to 

determine the size of labelled products. The size of the marker proteins is shown.

b) Translation products, to which were added 20 pg of ciadode protein, run on a 10% native 

PAGE gel alongside 20 pg of ciadode protein. The gel was stained for SOD activity prior to 

drying down. A picture of the dried gel is shown here.

c) Gel from b) above dried down and exposed to film for three nights. The autoradiograph Is 

shown aligned with the dried gel stained for SOD activity to enable direct comparison of 

activity bands with labelled bands.
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whether the asparagus SOD was expressed in the same way as the protein spots identified as 

DD1 on 2-D gei analysis. Using RNA isolated from cell cultures a northern gel blot was 

prepared and probed with pS0D6 insert. Expression was followed from ciadode up to day 7 

after initial cell isolation (Figure 5.16a). Transcript was detectable from day 2 increasing slightly 

up to day 7 with no transcript present in ciadode. This implies that pSODB is inducible in the 

cell culture system in a manner similar to that seen in the 2-D gel analysis of DD1 (see Figure 

4.1). However, the SOD message appears to be upregulated by the cell culture system much 

later than the spot corresponding to DD1 for which upregulated message could be seen after 

3 hours. The transcript level seen in the northern blot is also very much lower than that 

expected from the results of the 2-D gel analysis.

To determine whether pSODB could be induced as a consequence of wounding, a northern 

blot was prepared using RNA isolated from chopped up dark grown, etiolated seedlings. The 

result. Figure S.IBb, shows no apparent induction of the transcript in wounded seedlings. 

However, pSODB message does appear to be present to high levels in unwounded etiolated 

seedling and is also present in root tissue so any upregulation of message due to wounding 

may be “masked” by the high amounts of transcript constitutively present.

The presence of high quantities of transcript in dark grown seedlings and in root tissue 

suggests that pSODB transcript is associated with non-photosynthetic tissue and is perhaps 

induced in cell cultures as a consequence of incubating the cultures in the darl(. Alternatively, 

induction may be due to a metabolic change resulting from a switch from a photoautotrophic 

to a heterotrophic metabolism. Roots and etiolated seedlings are heterotrophic and it is 

possible that the cultured cells switch to a heterotrophic mode due either to a lack of light, or 

by the presence of an external supply of sucrose in the cell culture medium. The effects of 

light and cell culture medium constituents on SOD activity were therefore examined.
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Figure 5.16

Northern blots showing expression of pSODB in ceil culture, wounded seedlings and roots.

a) Blot showing expression in cell culture. Clad refers to RNA extracted from ciadodes while 

D1 to D7 refer to the number of days following the single ceil isolation procedure. A total of 10 

pg of RNA were loaded per lane. The filter was probed with the pSODB 720 bp Eco Ri insert 

and the fitter exposed to film for 3 weeks.

b) Blot showing expression in wounded dark-grown seedlings and in root. DO to D5 refer to 

the number of days following the wounding procedure which consisted of chopping 

seedlings into 5 mm sections. The root RNA was obtained from a green plant. A total of 20 pg 

of RNA were loaded per lane. The filter was probed with the pSODB 720 bp Eco Ri insert and 

the filter exposed to film for 2 weeks.

Due to the low abundance of transcript in the northern blots, particularly in the blot shown in

a), the autoradiographs were used as negatives to retain contrast and produce the reverse 

photographic images shown.



a)

clad 6hr D1 D2 D3 D4 D5 D6 D7

b)

clad DO D1 D3 D5 root
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5.8 Analysis of changes In BOD activity In response to light and 

cell culture medium constituents

The difficulty in designing an experiment to assess the effects of light and medium 

constituents was to try and separate these effects from any that may result from the initial cell 

culture preparation. The experiment was therefore performed on whole asparagus fronds (as 

described in 2.14.4). The cut ends of asparagus fronds were placed in solutions containing 

either sucrose, mannitol, sucrose and mannitol or in plain water. It was expected that the 

xylem tissues would draw up the solutions in the normal process of transpiration and supply 

the cells with the solutions in a manner reflecting the situation in cell cultures. Duplicates of 

each condition were placed either in the light or in the dark to see whether the effect of 

externally supplied sugars or the absence of light had the greatest effect on SOD activity.

After 4 days under these conditions, protein was isolated from the asparagus ciadodes and 

and in gei SOD activity assay performed. The resulting gel is shown in Figure 5.17. In 

general, it can be seen that incubation in either the light or the dark has had very little effect. 

In fact, SOD activity for all the treatments appears to be greatest in the fronds placed in the 

light conditions, with the highest SOD activity present in fronds which were placed in the light 

with sucrose and mannitol. The activity profile of this sample was very similar to that of 

etiolated seedling tissue, suggestine that the supply of sucrose and mannitol have exerted a 

greater effect on SOD activity than that due to conditions of either light or dark.

5.9 Goneluslons eoneernlng the Identity of DD1

The protein named DD1, initially found to be induced in the asparagus cell system, was 

discovered to be homologous to maize S0D2 on the basis of N-terminal amino acid sequence 

data. Study of SOD activity in asparagus cell cultures showed activity to change with 

increasing time in culture, with some SODs increasing and some decreasing in activity. After 

one week in culture the SOD activity profile observed is the same as that found in root protein 

and in dark grown etiolated seedlings. Possible wound-induced SODs were detected in
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Figure 5.17

Results of an in situ gel SOD activity assay from an experiment to determine whether an 

increase in respiration is the cause of the induction of activity band SOD4 that was shown to 

correspond with the clone pSODG. Asparagus seedlings were cut at the stem above the soil 

level and placed in the conditions described below for 4 days prior to protein islolation. A total 

of 20 pg of protein were loaded per lane, in each case the sucrose concentration used was 

1% (w/v) and mannitol 3% (w/v), corresponding to the concentrations found in asparagus cell 

culture medium (table 2.2).

lane 1 - water and light

lane 2 - water and dark

lane 3 - sucrose and light

lane 4 - sucrose and dark

lane 5 - mannitol and light

lane 6 - mannitol and dark

lane 7 - sucrose, mannitol and light

lane 8 - sucrose, mannitol and dark

Lanes marked cl both contain 20 pg of ciadode protein.





wounded dari< grown seedlings but these did not relate to any of the SOD activity bands seen 

in protein from the cell culture system.

The gene corresponding to the DD1 protein was cloned by using a combination of PCR and 

library screening. The clone analysed, pS0D6, showed a 100% match with the DD1 N- 

terminal amino acid sequence and was found to be homologous to many plant cytosolic 

Cu/Zn SODs. A second clone picked in the library screening process, pS0D4, was partially 

analysed. It showed many similarities to pS0D6, including homology with the DD1 N-terminal 

protein sequence, but was seen to be different when both clones were analysed on a 

genomic blot. The clone pS0D4 was also found to have a different 3’ untranslated region 

when compared to the sequence of pS0D6. It is possible that the clones have the same 

coding region but differ in their untranslated regulatory regions and hence may exhibit 

differentiai transcriptional activation in response to varying oxidative stresses.

In vitro transcription and translation experiments indicated that pS0D6 corresponded with 

SOD-4 seen in in gei activity assays. This band increases in activity following single cell 

isolation and is found to be highly active in root, etiolated seedling tissue and in long term cell 

cultures. Northern experiments showed that pS0D6 transcript expression followed the same 

pattern as protein activity with transcript induced by the cell culture system but present in high 

amounts in a constitutive manner in roots and etiolated seedlings.

The SOD activity data and northern expression studies indicated that the SOD corresponding 

to the DD1 protein was highly associated with roots, dark grown seedling tissue, and was 

induced in the cell culture system in which cells are incubated in the dark. This data 

suggested that the SOD was either induced as a consequence of the dark, or was induced by 

some metabolic change resulting from a switch from a photoautotrophic to a heterotrophic 

metabolism. The effect of cell culture medium constituents on SOD activity indicated that it 

was possible that the external supply of sucrose in cell culture medium caused the induction 

of the asparagus SOD, with constitutive expression obsen/ed in etiolated seedlings and roots 

as a consequence of heterotrophic metabolism in these tissues.

Though the predicted isoelectric point and molecular mass of pSOD6  corresponded closely
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with that of the protein spot identified as DD1 on 2-D gel analsis, expression studies of 

pS0D6 showed that while the transcript was induced in cell culture, the expression did not 

mirror that of DD1. The spot identifed as DD1 was obsen/ed using 2-D gel analysis after only 3 

hours whereas pSOD6  transcript is not detectable before day 2. This placed doubts as to 

whether the protein spot identified as DD1 on 2-D gels was the same as the protein spot 

which had been isolated to provide N-terminal amino acid sequence data.

The expression data, and also the results showing that pS0D6 was not wound-inducible, 

indicated that the promoter for pSOD6  would not be a worth while target for use in the genetic 

engineering of plants for resistance. However, continuing work on A0 PRI, isolated as a 

consequence of the original DD1-34 clone (section 4.1) by Warner (1992), resulted in the 

isolation of a promoter which was found to be wound-inducible when transformed into 

tobacco plants. It was therefore decided to study the expression of the same promoter in 

potato, a potential target for genetic engineering.
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CHAPTER 0

BTUDV ©F A W0UND4NDUGIBLE 

PROMOTER BN POTATO

6.1 Introduction and background to the A0PRI promoter

Northern hybridisation analysis of the A0 PRI cDNA clone showed that the homologous 

transcript was induced both by the mechanical cell isolation process and by wounding 

seedling tissue, reaching a maximum steady state level 1 to 3 days following the initial stimulus 

in both systems (Warner et. al., 1992). Utilising the technique of inverse PCR, a 1.1 kb region 

upstream of the A0 PRI coding region was cloned (Warner et. a!., 1993). This 1.1 kb fragment 

was shown to be a functional promoter by attaching it to the GUS reporter gene and 

transferring the whole construct into tobacco plants.

The GUS (p-glucuronidase) reporter gene originates from E. coil and is encoded by the uid  

A locus {gus A; Novel & Novel, 1973). The encoded protein is a hydrolase that catalyses the 

cleavage of a range of p-glucuronides, enabling its use in plant transformations in which 

background GUS activity levels are non-detectable (Jefferson et. a!., 1986; Jefferson et. a!., 

1987). GUS enzyme activity can be easiiy iooalised using the histochemical stain X-GLUG 

which yields a blue dye following GUS-mediated hydrolysis, or quantitatively assayed using 

MUG which yields a fluorescent product, 4-MU, on hydrolysis which can be measured using a 

fluorimeter.

GUS activity in transgenic tobacco plants driven by the A0 PRI promoter was found to be 

induced by wounding with activity detectable within 3-10 hours and increasing up to 4-5 days 

(Warner, 1992), results similar to the northern expression data obtained. Expression was also 

found to be highly localised to the sites of damage. Developmental expression of GUS 

activity was obsen/ed in vascular tissue in regions where secondary thickening occurred, and 

in parts of the floral tissues including pollen (Warner, 1992). A deletion of approximately 200
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base pairs from the S' region of the promoter eliminated wound-inducibility of expression but 

retained some of the developmental expression. Salicylic acid was also found to induce GUS 

activity, acting in a synergistic manner when combined with the wounding stimulus.

The translated amino acid sequence of the A0 PRI cDNA shows homology to a group of 

cytosolic pathogenesis-related proteins (see section 1.6.3) which include a pea disease 

resistance protein, p i 49, a potato protein, pSTH2, a parsley PR1 protein, PcPR1-1, and a 

birch pollen allergen Betv 1 (Walter ef. a/., 1990). Various members of the group are induced 

following pathogenic stress, wounding, and treatment with arachnidonic acid, an elicitor of the 

defence response.

Though the function of the A0 PRI protein is not presently known, the homologies with the 

cytosolic PR proteins strongly suggests an involvement in the defence response. The spatial 

and temporal induction pattern of the A0 PRI promoter GUS construct is also comparable with 

the induction of enzymes involved in the phenylpropanoid pathway (see 1.3), particularly of 

the PAL and CHS transcripts induced in wounded bean hypocotyls (Cramer et. al., 1989; 

Ryder et. al., 1987). Both enzymes are also active in the defence response.

Data from the wounding studies of the A0 PRI promoter in tobacco indicated that it may be 

suitable for genetic engineering purposes since it showed the required expression profile of 

rapid induction by day 1 following wounding, and then sustained activity. Further analysis of 

the promoter would be undertaken in potato, an economically important crop for which 

resistance was to be targeted against soft rot caused by Erwlnia species. The presence of an 

A0 PRI homologue in potato, pSTH2, which is induced both by slicing potato tubers and by 

infection with Phytophthora Infestans (Matton & Brisson, 1989), and the fact that the A0 PRI 

promoter was active in tobacco, indicated that the promoter would also be functional in potato, 

since both tobacco and potato are members of the Soianaceae family. Studies of the 

promoter in potato would concentrate on its wound-inducibiiity, the localisation of expression, 

and also its response to various pathogens.
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6.2 Transformation of potato plants

Two Agrobacterium strains containing A0 PRI promoter/GUS fusion constructs (Figure 6.1) 

were obtained from Simon Warner (Botany Department, Leicester University). The 

Agrobacterium strains were LBA4404 and pGV2260 which both contained the AoPRt/gus 

A fusion construct in the binary vector pBi 101 (Jefferson eta!., 1987).

Potato tuber discs from the cuitivar Desiree were transformed by the method of Sheerman 

and Sevan (1988). Some difficulty was encountered in removing the Agrobacterium strain 

pGV2260 which persisted in the initial antibiotic-containing plates. The difficulty was 

overcome by removing the least affected discs into 1 x MS media containing cefotaxime at 

750 pg/ml. Discs were left with occasional shaking for 30 minutes, dried on sterile filter paper 

and replaced on plates containing 400 ng/ml augmentin and 100 pg/ml kanamycin. No further 

growth of the Agrobacierlum was observed. Transformants from each of the Agrobacterium 

strains were distinguished by using the prefixes LBA and pGV to denote their origin.

6.3 Confirming (he presenee of the A gene In putative  

transformed potato régénérants

6 .3.1 PCR to amplify the gua A gene from genomic DNA

The presence of the reporter gene in kanamycin resistant plants was confirmed by using 

oiigonucleotide primers homologous to the gus A gene (designed by and obtained from 

Hayley McArdle, Leicester Biocentre) to amplify the gene by PCR from a preparation of 

genomic DNA. Samples of DNA were isolated from In vitro grown material from 7 potential 

transformants, the PCR reaction carried out and products run on an agarose gel (Figure 6.2a). 

The results of the PCR confirmed that pGVI, 2, 3 and 5, and LBA 4 contained the GUS gene 

while pGV4 and LBA5 did not and were therefore presumed to be escapes. The line pGV4 

was used as a negative control in subsequent experiments.
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Figure 6.1

Map showing the arrangement of the AoPRI promoter/gus A construct. The construct is a 

translational fusion to the gus A reporter gene containing 30 amino acids from the AoPRI 

cDNA (Warner, 1992). The vector used was pB1101 (Jefferson et. al., 1987), a binary vector 

containing a promoterless GUS gene which is used routinely in plant transformation to assess 

promoter activity.
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Figure 6.2

Potato lines obtained from transformation of the cultiver Desiree with the A0PR I 

promoter/gus A construct.

a) Agarose gel showing the results obtained in a PCR reaction to determine the presence or 

absence of the GUS gene in genomic DNA isolated from putative transformants. A total of 

250 ng of each primer homoiogous to the gus A gene (received from Hayley McArdle, 

Leicester Biocentre) were used in the PCR reaction which consisted of 30 cycles of 1 min 

denaturing at 95°C, 1 min annealing at 65°C, and 1 min extension at 72‘C, in a total volume of 

50 pi. Template DNA used was 200 ng of genomic DNA and the positive control was 10 ng of 

pBI 101 DNA (Jefferson et. al., 1987) which contains the full length gus A gene. PCR 

products were extracted and 5 pi run on a 1.5% agarose gel. The expected fragment size was 

438 bp.

b) Table showing GUS activity results in the potato iines assessed in the PCR reaction 

described in a). The results are based on histochemical analysis and indicate only the 

presence or absence of a blue stain in the described conditions. Wounding was by stabbing 

using a yellow pipette tip.
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root stem leaf
1 day
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2 day
wounded
leaf

3 day
wounded
leaf

pGV1 - + - + + +

pGV2 + + - + + +

pGV3 - - - + + -

pGV4 - - - - - -

pGV5 + + - + + +

LBA4 + + - + + +

LBA5 - - - - - -



6.3.2 Histochemical localisation of GUS activity

Results from the PCR were confirmed by histochemical assessment of GUS activity. 

Expression was studied in root, stem, and leaf to detect any constitutive activity, and also in 

leaf tissue that had been wounded for 1-3 days to assess wound-inducibiiity of GUS activity. 

Plant tissue was placed in buffer containing X-GLUC, ieft overnight, and then cieared in 70% 

ethanoi. The resuits are shown in tabuiarform in Figure 6.2b.

From the results it can be seen that lines pGV4 and LBA5 showed no GUS activity, confirming 

the PCR results which showed that they did not contain the GUS gene. Lines previously 

identified as containing the GUS gene all show wound inducibility of expression although 

differences in activity were observed with some lines, notably pGV5, staining far more rapidly 

and intensely than other lines. All lines were induced by day 1 with induction sustained until 

day 3 except for pGV3 which showed no GUS activity in leaves which had been wounded for 

3 days. No constitutive expression in leaves was noted though some did contain expression 

in the vascular tissue of young leaves. Expression in root and stem tissue varied between 

transformants, with pGV2, pGVS and LBA4 showing constitutive expression in both tissues, 

pGVI showed expression only in stem tissue, while pGV3 showed expression in neither 

tissue. Differences in expression may refiect the different insertion sites of the 

promoter/gus A construct into the genomic DNA, with AoPRI promoter activity modified by 

enhancer and silencer elements and by cis elements that determine tissue specificity.

6 .4  H Is to e h e m le a l a n a ly s is  of wound ln d u c tlo n  In a 

reprssonfatlva line

The potato line pGV5 was chosen for histochemical analysis since it was found to give a 

strong result with an intense blue colour formed from the X-GLUC. This iine also showed the 

most common pattern of expression with constitutive expression in both stem and root 

wound-inducible expression present day 1 to day 3 following wounding.
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6.4.1 Expression In leaves

Leaves were detached from the plant, wounded using a yellow pipette tip and left on moist 

filter paper for 3 days before incubating in the presence of X-GLUC. Unwounded ieaves were 

detached, placed on moist filter paper, and were stabbed immediately prior to incubation in 

the presence of X-GLUC. Constitutive GUS expression was observed in the vascular tissue of 

young leaves (Figure 6.3a) whiie wound-induced expression appears to be highly localised to 

the cells immediately surrounding the wound site (Figure 6.3b and c). The unwounded 

leaves showed no localised GUS expression around sites damaged immediately before 

placing in X-GLUC buffer.

6.4.2 Expression In tubers

Potato tubers of different sizes, at varying stages of development, were cut into slices and 

immediately incubated in X-GLUC to observe constitutive expression. GUS activity in young 

tubers (Figure 6.3d i and ii) appears to be confined to bundles of vascular tissue, while in cider 

tubers, activity is more wide spread and is present in the vascular tissue and also in the cortex 

(Figure 6.3d iii and iv). Wound-inducibility of expression was assessed by slicing tubers into 

sections and leaving the sections on moist filer paper for 3 days prior to incubation in X-GLUC. 

Though staining in the vascular tissue remains strong, it can be seen that the tuber slices 

have stained a uniform blue (Figure 6.3d v, vi and vii) implying wound-inducibility in potato 

tubers.

6.5 Fluorlmetrle analysis of wound-lnduetlon In representative 

lines

The lines pGVi, pGV2 and pGV5 were chosen as representative transformants showing a 

range of ieveis of wound-inducibility of GUS activity. A potato line containing the CaMV 358 

promoter attached to gus A (Jefferson et. al., 1987; provided by Lee Rooke, Leicester 

Biocentre) was used as a non wound-inducible GUS expressing control in the leaf wounding
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Figure 6.3

GUS histochemical results in leaves and tubers. All results shown are from the line pGV5.

a) Unwounded leaf showing constitutive GUS expression in the vascular tissue of a wounded 

leaf.

b) Comparsion of an unwounded leaf (left hand side) with a leaf that was wounded for 3 days 

prior to staining for GUS activity (right hand side).

c) Picture showing greater detail of the localisation of GUS activity staining around wound 

sites.

d) GUS activity in tubers: i) and ii) GUS activity in young tuber slices; iii) and iv) expression in 

older tuber slices; and v), vi) and vii) expression in siices left for 3 days following siicing before 

staining for GUS activity.
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experiments, while the untransformed line pGV4 was used as a negative control.

6.5.1 Wound-lnduclble expression In leaves

Leaves were removed from plants and wounded by stabbing with fine laboratory forceps to 

the same density on all samples, approximately 10 stabs per 1 cm^. They were then placed 

on moist filter paper in sterile Petri dishes for up to 3 days before assaying for GUS activity 

using the substrate MUG. Unwounded controls were treated in the same manner but were 

not stabbed.

Results from the three lines containing the AoPRI promoter/gus A fusion construct are 

shown in Figure 6.4. All three transformants show very little change in GUS activity day 1 after 

wounding, with activity in pGVI and pGV2 increasing by 30-50 pmoles 4-MU/min/mg total 

protein while activity in pGV5 remains at background level. From day 1 to 3 a steady increase 

in GUS activity was observed in aii three lines with ieveis rising to 615 pmoles 4-MU/min/mg 

total protein in pGVI, 859 in pGV2 and 1825 in pGV5. Activity became difficult to measure 

after 3 days, possibly due to lignification of the tissue leading to difficulty in extracting protein 

for assays. Aii three transformed lines therefore showed wound-inducible GUS activity, 

differing only in the quantitative measure of activity. The highest expressing line, pGV5, also 

showed the highest backgound activity levels at approximately 300 pmoles 4-MU/min/mg total 

protein. This background activity is probably due to constitutive expression present in the 

vascular tissues.

Figure 6.5 compares the responses to wounding of pGV5, pGV4 (the untransformed control) 

and the CaMV 35S/gus A construct. No detectable GUS activity was observed in the 

untransformed control. A slight increase in activity is detectable with the CaMV 35S GUS 

construct following wounding, with activity increasing from a background ievel of 430 pmoles 

4-MU/min/mg totai protein to 580 pmoles 4-MU/min/mg total protein 3 days following 

wounding, an increase of 35%. in the same time period, pGV5 increases in activity by 500%. 

The increase in GUS activity in the CaMV 35S construct following wounding may be due to 

increased penetration of substrate into the tissues and probably does not reflect any wound-
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Figure 6.4

Bar charts showing the responses to wounding of the leaves of 3 independent transformants. 

Leaves were wounded by stabbing with fine laboratory forceps to the same density on all 

samples, approximately 10 stabs per 1 cm^. GUS activity was measured using the fluorimetric 

substrate MUG. The average of 3 experiments was plotted with the standard error shown as 

bars.
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Figure 6.5

Line graph showing the response to wounding over 3 days of the transformed iine pGVS, the 

control iine CaMV GUS, and an untransformed control pGV4. GUS activity was measured 

using the fiuorimetric substrate MUG. The average of 3 experiments was calculated and 

plotted with the standard error shown as bars.
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inducibility of the 35S promoter.

6.5.2 Wound-lnduclble expression In tubers

Wound-induced expression in tubers was measured in two separate experiments. In the first 

experiment tubers of roughly equal size were removed from the transformed lines pGV1, 

pGV2 and pGVS, and from the control, pGV4. One tuber was left intact while the second 

tuber was wounded by stabbing through the skin with a narrow gauge needle. In the second 

experiment tubers were cut in half, with one half receiving wounds from needle stabs and the 

other half left alone. The second experiment was an attempt to eliminate individual 

differences in GUS expression that may exist between different tubers. In both cases the 

tubers were left on moist filter paper for 3 days.

The results from both experiments can be seen in Figure 6 .6 . Though background levels of 

GUS activity were relatively high in unwounded tubers compared to leaf tissue, varying from 

980 pmoles 4-MU/min/mg total protein in pGVI to 1700 in pGV2, a noticeable elevation of 

activity was seen in the wounded tuber equivalent to 2 to 4 times the background level. Very 

little difference in expression between the unwounded tuber half and wounded half were 

seen, particularly in pGV2 and pGV5 in which both halves showed high levels of GUS activity. 

This would appear to indicate that the act of cutting the tuber into halves was enough to 

effectively wound the entire tuber. This result indicated that the wounding stimulus travelled 

throughout the tuber. Experiments were therefore conducted to determine the extent the 

wound stimulus travelled from the original wound site, and whether the stimulus remained 

within one organ or could travel in a more systemic fasion.

6.6 Studies on the localisation of GUS expression

The following experiments were designed to discover how far from the wound site elevated 

GUS expression could stiii be observed. One concern for the use of a wound-inducibie 

promoter for the engineering of bacterial resistance in plants was that expression should be 

localised to the wound site, the potential site for infection from bacteria, to minimise unwanted
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Figure 6.6

Bar chart showing the response to wounding of 3 independent transformed lines and an 

untransformed control, pGV4. Whole tubers of approximately equal sizes were wounded by 

stabbing with a needle and then left for 3 days before measuring GUS activity using the 

fiuorimetric substrate MUG. The half unwounded and wounded tubers were halves of the 

same tuber and were used in an attempt to eradicate differences in GUS activity that may exist 

between different tubers.
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expression of the antibacteriai substance. Histochemicai data {Figure 6.3 b and c) indicated 

that gus A expression under the control of the A0 PRI promoter was highly localised to the 

wound site. Confirmation of this was to be obtained by measuring expression fluorimetricaily. 

Analysis of systemic signalling would also be conducted by wounding a leaf and leaving the 

wounded leaf attached to the whole plant to see if gus A expression in this case remained 

localised to the wounded leaf and did not systemicaily affect other parts of the piant.

The foilowing experiments were conducted using the line pGVS.

6.6.1 Analysis of localised signalling

Localisation of GUS expression within a leaf was measured by wounding a ieaf at its tip, 

leaving the ieaf for 3 days and then isolating protein for determining GUS activity from the 

wounded tip and from segments 5 mm apart away from the wound site.

The results are presented in Figure 6.7. GUS activity in the wounded tip was found to be high 

at approximately 14,000 pmoles 4-MU/min/mg total protein, immediately adjacent to the 

wound site, GUS activity fell marlredly to only 2,680 pmoles 4-MU/min/mg total protein with 

activity decreasing still further as distance from the wound site increased. The large decrease 

in GUS activity away from the wound site indicates that expression is localised to the area of 

the wound site. The control unwounded leaf was found to have GUS activity twice that of 

normal background levels in the ieaf tip but there was no gradient of activity down the ieaf 

which, apart from the tip, had normal background levels of approximately 300 pmoles 4- 

MU/min/mg total protein. The relatively high expression in the ieaf tip was presumed to be 

due to necrosis of the tip, since it had been observed in histochemicai analysis of leaf tissue 

that blue staining was visible around necrotic leaf tips.

6.6.2 Analysis of systemic signalling

One ieaf from the middle tier on a plant was wounded and left attached to the plant for 6  days.
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Figure 6.7

Diagram showing the extent of the localisation of GUS activity following wounding. After 

wounding, a single detached leaf was left for 3 days before measuring GUS activity at 

increasing distances away from the wound site. The actual figures of GUS activity in a 

wounded leaf and in an unwounded control leaf are shown. Results are also presented in a 

graphical form. The line used was pGV5.
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At the end of this time leaves close to the wounded leaf and leaves connected only by the 

central stem were tested for elevated levels of GUS activity. The results are presented in 

diagrammatic form in Figure 6 .8 . No elevated levels of GUS activity were detected in any of 

the leaves that were not themselves wounded, indicating that GUS expression remained 

localised to the wounded leaf.

6.7 Response of the A0PRI promoter to pathogen attack

The response of the A0 PRI promoter to pathogen infection was studied to see how it would 

differ, if at all, from the response to wounding which may, in turn, reveal insights into the 

elicitors involved in activating the promoter.

Histochemicai staining was used to assess GUS activity rather than measuring activity with 

fiuorimetric assays because initially it was not known where activity would be expressed. 

Though fiuorimetric assays can give a quantitative measure they are unable to pinpoint 

precise locations of expression.

6.7.1 Infection with Potato Virus Y (PVY)

PVY, a virus responsible for significant agricultural losses, is a member of the potyvirus group, 

having single stranded RNA enclosed in a flexible rod shape. Transmission is usually stylet- 

borne by aphids with cell to cell spread probably occurring by cytoplasmic streaming and 

systemic spread via the phloem. The virus is unable to enter a plant through an intact leaf 

surface with some kind of wounding which ruptures the cuticle necessary for infection to 

occur (Manners, 1982).

One leaf of 3 week old potato plants from the transformed lines pGVI, pGV2, pGV5, CaMV 

GUS, and the control pGV4, was inoculated with PVY by using sap taken from an infected 

plant and left attached to the plant. After approximately 10 days, symptoms consisting of small 

necrotic lesions were visible on the inoculated leaves. The virus spreads via the vascular
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Figure 6.8

Diagram showing the results from an experiment performed to determine whether a wounding 

signal was transmitted systemicaily throughout the plant. A single leaf of the line pGV5 was 

wounded while attached to the plant and left attached. After 6 days, GUS activity in leaves 

from various positions on the plant was measured with the results as shown. Background 

activity levels in the line used were generally around 300 pmoles 4-MU/min/mg total protein.
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tissue throughout the plant and after a further 3 to 4 days symptoms began to appear on the 

upper, uninoculated leaves consisting of areas of chlorosis which developed into necrotic 

regions along the vascular tissue.

Histochemicai staining of inoculated leaves prior to the appearance of symptoms showed no 

detectable GUS activity. Once necrotic lesions had appeared (Figure 6.9a) GUS activity was 

clearly visible around the areas of dead tissue (Figure 6.9b). No staining of vascular tissue can 

be seen as the leaves were several weeks old and it had already been established that 

staining of vascular tissue was only visible in young leaves. Though the results are shown 

only from the one line, pGV5, the same localisation of expression could be seen in the other 

lines tested with differences apparent only in the intensity of staining. Some slight staining 

was noted in the CaMV GUS line but the stain was not directly localised around the areas of 

necrosis and may have been due to penetration of substrate into damaged tissue.

Initial secondary systemic symptoms caused by PVY consist of a chlorotic mottling visible on 

uninoculated leaves (Figure 6.9c), present particularly along regions of vascular tissue 

through which the virus spreads. GUS analysis of the chlorotic regions indicated the 

presence of some GUS activity (Figure 6.9d) which appeared to be centred along the vascular 

tissue.

8.7.2 Infection with PhytopMSmra infestans

Phytophthora infestans, a member of the Oomycetes, is the causal organism of potato blight. 

Infection naturally occurs by way of airborne spores which germinate in a droplet of water after 

a period of encystment. Entry into the plant is through the stoma with the fungus producing 

mycelium in the intercellular spaces of the host. Nourishment is through forked haustoria 

developed within the living cells. After a few days of vegetative growth reproductive 

structures, branched sporangiophores, are formed at whioh time the host tissue dies. 

Phytophthora Infestans is therefore unusual in that initially it grows biotrophically but later 

switches to a necrotrophic mode of existence (Ingold, 1984).
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Figure 6.9

GUS histochemicai results showing the response of the A0PRI promoter to infection by PVY.

a) A leaf from the untransformed line pGV4 showing typical lesions caused by infection with 

PVY.

b) Detail of an infected leaf from the line pGV5 stained to show the localisation of GUS activity.

c) Leaves from pGV5 showing symptoms caused by secondary infection with PVY.

d) Detail of GUS activity in a leaf of pGVS showing secondary symptoms.
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Young leaves were detached from plants and inoculated with varying dilutions of 

Phytophthora infestans zoomycetes. It was found that a 20 pi droplet containing 1000 

zoomycetes was sufficient to initiate infection. Leaves were incubated under conditions of 

light and humidity to ensure maintenance of infection.

P. infestans lesions consist of a central region of necrotic tissue surrounded by a halo of living 

but infected tissue (Figure 6.10a). Since Desiree contains no major resistance genes, the 

lesion formed is not part of the hypersensitve response and was found to take approximately 

5 days to appear. Histochemicai analysis of a lesion (Figure 6.10b) showed that no GUS 

activity was detectable in the halo of living tissue surrounding the necrotic region. However, 

GUS activity did appear to be elevated in the tissue surrounding the halo.

6.7.3 Infection with Erwfnfa carofovora

Erwinia carotovora is the major causal organism of bacterial soft rot in potato tubers, a serious 

storage problem. Erwinia is an opportunistic pathogen and infection is very much dependent 

on environmental conditions with some impairment of the host’s resistance mechanisms 

required for successful infection. Erwinia is unable to penetrate the cuticle of plants directly 

with entry occurring naturally through wounds or lenticels present in tubers. The rot is caused 

by the secretion of plant cell wall degrading enzymes produced by the soft rot bacteria (Lyon, 

1989).

Tubers, which had been harvested 5 months previously, were inoculated by vacuum filtration 

to ensure that bacteria entered via the lenticels. Infected tubers were then stored in both 

aerobic and anaerobic conditions, and at varying degrees of humidity achieved by placing 

tubers in dry containers, and in plastic bags which held varying quantities of water and which 

were left either loosely or tightly sealed. Once the soft rot had taken hold after approximately 

3 to 5 days, which was determined by examining duplicate controls, tubers were sliced and 

stained for GUS activity. Tubers stored under dry, aerobic conditions did not develop any 

symptoms. Tubers which were stored under humid conditions, either aerobic or anaerobic, all 

developed areas of soft rot. Potato lines which were positive for GUS activity showed some
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Figure 6.10

GUS histochemicai results showing the response of the AoPRI promoter to infection by P . 

infestans and E. carotovora.

a) Leaf infected with P. infestans showing typical lesions.

b) Detail of a leaf from the line pGVS infected with P. infestans and stained for GUS activity.

c) Slice of a tuber from the line pGVS which had previously been harvested and stored for 5 

months before staining for GUS activity.

d) Slice of a tuber from pGV5 which had previously been harvested and stored for 5 months 

before infection with E. carotovora and staining for GUS activity. Following infection, the 

tuber was kept in anaerobic, humid conditions.

Following slicing of the tubers shown in c) and d), slices were placed immediately in 

histochemicai buffer containing X-GLUC to prevent expression due to wounding.





slight blue staining around the areas of tissue affected by soft rot (Figure 6.10 d) compared to 

the uninfected controls (Figure 6.10c).

6.8 Summery end conclusions

Potato plants transformed with the AoPRI promoter/gus A fusion construct showed wound- 

inducibility of expression in leaves and tubers. Tubers showed constitutive expression in 

vascular tissue and in the cortex of older tubers while some lines also showed constitutive 

expression in roots, stems and the vascular tissue of young leaves.

Wound-induced GUS expression in leaves was found to be localised to a few cell layers 

bordering the wound site. Studies of the localisation of expression confirmed this 

observation with GUS activity confined to the actual leaves that were wounded with no 

systemic expression occurring. Wounding in leaves gave up to a 500% increase in GUS 

activity above background levels 3 days after the wounding stimulus was applied. In tubers, 

the increase in GUS activity above wounding was 100 to 300%. Background GUS activity 

levels in tubers was found to be much greater than background levels in leaves.

A small increase in wound-induced GUS expression was observed in the control plant tested 

containing the CaMV 35S/gus A construct. However, the increase was slight when compared 

to lines containing the AoPRI/gus A construct and was therefore thought to be due to 

greater penetration of substrate into the damaged tissue.

When challenged with various pathogens, the AoPRI promoter did not respond to the 

presence of the pathogen itself but was activated once symptoms of disease, corresponding 

to cell and tissue damage, appeared. The stimulus for the AoPRI promoter would therefore 

appear to correlate with damaged tissue, whether the damage is caused by mechanical 

wounding or by pathogen infection.
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CHAPTER 1

DISCUSSION

7.1 Thesis alms

An Important aim in plant breeding is to improve disease resistance in plants. One way in 

which this may be achieved is through the use of genetic engineering. Increasing resistance 

to soft rot bacteria, which cause a substantial loss of many food crops, particularly attracts the 

use of genetic engineering since no natural plant resistance genes are available which may be 

bred into selected lines by conventional means. Many soft rot bacteria enter plant tissue 

through natural openings such as lenticels in potato tubers, but also through wound sites 

caused in the harvesting and handling of crops. One approach to engineering resistance in 

this instance is to induce the secretion of antibacterial substances at wound sites, in the 

expectation that this would prevent the multiplication and spread of any invading pathogenic 

bacteria.

The important components of a construct for engineering resistance using this approach 

include a wound-inducible promoter, a secretion signal sequence known to be active in 

plants, and a gene encoding an antibacterial protein. The aims of this individual thesis were 

therefore to study the secretion of an antibacterial substance, and to search for a suitable 

wound-inducible promoter.

A signal sequence known to be active in plants was already available in the form of the signal 

from wheat a-amylase. Study of the immune system of insects reveals that they have a group 

of proteins possessing high antibacterial activity which are induced and secreted into the 

haemolymph following bacterial infection. Homologous proteins are also found in mammalian 

systems and may be a universal system for defence against bacterial infections. These 

proteins have the advantage of requiring only one gene to ensure their production and the
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porcine cecropin was therefore chosen as the antibacterial protein.

A synthetic cecropin gene was designed to the porcine cecropin protein sequence taking 

into account the codon usage of plants. Constructs were initially transferred into tobacco but 

though transcript could be detected on northern blots, no active protein was found. The 

constructs were therefore studied in yeast which would provide more rapid results than 

further analysis of the constructs in tobacco. Yeast was also chosen because it appeared to 

be a good system for the expression of heterologous proteins, and it had already been 

shown that the wheat a-amylase signal was fully functional in yeast cells.

Secretion of the cecropin gene would be under the control of a wound-inducible promoter. In 

order to protect wound sites, a promoter was required which was rapidly activated within a few 

hours following the wounding stimulus with activation sustained over a period of several days 

to ensure any pathogenic bacteria that may have entered the would site were not able to 

multiply and spread throughout the plant. Previous work on Asparagus cell cultures 

(Harikrishna e t at., 1991; Warner et. al., 1992) indicated that they may be a good model 

system for the isolation of wound-induced genes and hence wound-inducible promoters. 

Two-dimensional gel analysis of in vitro translated poly (A)"*" RNA isolated following cell culture 

initiation, showed the presence of a group of polypeptides that were highly upregulated. 

Expression of one member of the group, DD1, was rapidly upregulated within 3 hours and 

expression maintained for several weeks following the initial wounding process. DD1 

therefore appeared to be suitable for the isolation of a wound-inducible promoter and was 

pursued for further analysis. Protein was isolated and an N-terminal amino acid sequence 

obtained which, at that time, showed no homology to known proteins. One aim of the thesis 

was therefore to clone DD1 and to further assess its expression characteristics.

During the time of the project, a wound-inducible promoter isolated from the Asparagus 

system became available. The promoter was transferred into potato plants attached to a 

reporter gene so that its expression could be studied in response to pathogen attack as well 

as wounding. It would also be determined whether wound-induced expression led to 

systemic expression within the plant.
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This thesis is therefore concerned with the study of cecropin secretion in yeast, the isolation 

and expression analysis of the gene named DD1, and the analysis of a wound-inducible 

promoter in potato plants.

7.2 Beeretlon of coeropin In yeasf

7.2.1 Summery and discussion of results

Yeast were transformed with a construct containing the synthetic cecropin gene attached to 

the wheat a-amylase signal sequence (pYWCEl, Figure 3.3a) under the control of a 

galactose inducible yeast promoter present in the expression vector pEMBLyex4. A second 

construct contained the same components with an additional VTE element (pYWCE2, Figure 

3.3b) which had been shown to greatly enhance cecropin translation in vitro (Figure 3.1). 

The vector pEMBLEyex4 was also used to transform yeast to provide a non-cecropin 

producing control.

Initial tests concentrated on the detection of active, secreted cecropin by assaying media for 

antibacterial activity following promoter induction. Concentrated media were also tested but 

no antibacterial activity was found in either case. This was thought to be due to a dilution of 

any product by the media, despite the 2 0 -fold media concentration achieved by the use of 

microconcentrators. A second test was therefore used in an attempt to detect antibacterial 

activity which involved spreading a bacterial lawn directly onto induced yeast colonies (Figures 

3.4 & 3.5). This test was thought to be more sensitive due to the direct contact between the 

yeast and the bacteria with a halo of bacterial growth inhibition around secreting yeast 

colonies expected to be the result. However, it was discovered that acidification of the media 

by the yeast in itself inhibited bacterial growth, thus invalidating the test.

Northern blot analysis failed to detect the presence of a cecropin transcript (Figure 3.6b). This 

was initially a surprising result since when the same constructs had been transferred into 

tobacco, cecropin transcripts had been detected but no active product. The result could be 

due to the production of very low levels of heterologous mRNA in the yeast which could
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either be caused by the instability of foreign mRNA or by inefficient transcription. Mellor et. 

al. (1985 & 1987) present evidence showing that low levels of heterologous mRNA are due to 

the lack of specific yeast sequences in the actual coding region of genes, leading to 

inefficient transcription. For example, it appears that the yeast phosphoglycerate kinase gene 

contains sequences within the coding region (Downstream Activator Sequence) to ensure 

efficient transcription (Mellor et. a!., 1987).

Low levels of heterologous mRNA could therefore lead to low levels of translation. The 

antibacterial plate well test used to detect cecropin required relatively high levels of 

expression (minimum of 3 pg/ml. Figure 3.2a) to be detectable. It is therefore possible that 

small amounts of cecropin were being produced but at too low a level to be detected.

A major factor affecting both transcription and translation, especially of foreign genes, in yeast 

is codon usage. Evidence exists showing that highly expressed genes in several species 

show a strong codon bias (Ernst, 1988) and though heterologous proteins have been 

expressed in yeast without altering codon usage, this may be one of several factors that affect 

efficiency of expression. For example, a wheat a-gliadin gene has been expressed in yeast 

(Neill et. al., 1987) but low protein yields were obtained, presumed to be due to the codon 

usage pattern which was distinctly different from that of yeast.

Examination of the wheat signal sequence and the synthetic cecropin gene sequence 

reveals the presence of several codons which are rarely used by S. cerevislae. For example, 

the yeast avoids the use of codons containing 100% GC content (Bennetzen & Hall, 1982) 

but the codon GOG occurs 6  times out of a total of 57 codons in the wheat signal/cecropin 

gene construct. Though yeast contain tRNAs for all possible codons, the abundance of 

particular iso-accepting tRNAs corresponds with the codon bias found (Ikemura, 1982). 

Codon bias is especially apparent with highly expressed genes so foreign genes showing a 

low codon bias will normally be expressed at very low levels. A change in codon bias greatly 

affects gene expression as shown by Hoekema et. al. (1987) who found that when they 

changed 39% of the major codons in the highly-expressed PGK1 gene to minor ones, the 

yield of PGK protein decreased 10 times. The decrease was due to some decrease in mRNA 

level and also a decrease in translation. One can envisage that a lack of certain rare iso-
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accepting tRNAs could lead to ribosomal pausing with concomitant degradation of mRNA. 

Conversely, Kotula and Curtis (1991) optimised the codons in an immunoglobulin kappa 

chain gene from mouse for expression in yeast and found a 50-fold increase in protein yield. 

In this instance, mRNA levels remained the same but the rate of translation increased 5-fold.

It would therefore appear that a codon bias optimised for expression in plants, such as that in 

the synthetic cecropin gene, was not ideal for expression in yeast. It is still possible that very 

small amounts of cecropin were synthesised but at levels too low to detect by the methods 

used.

Northern blot analysis of RNA isolated from pEMBLyex4 and pYWCEl following promoter 

induction showed that the ura plasmid marker rapidly decreased up to 2  hours following 

induction in pYWCEl (Figure 3.6c). This decrease was shown to be due to a drop in plasmid 

copy number since total cell number remained the same over the time course (Figure 3.7). 

The decrease in plasmid copy number could be due to attempts by the yeast to minimise the 

use of rare codons. If promoter induction is leading to synthesis of cecropin there will be a 

marked drop in the amount of rare iso-accepting tRNAs available in the cell. This situation may 

prove to be toxic if some rare charged tRNAs are required for the synthesis of key metabolic 

enzymes. A rapid loss of excess plasmid, retaining only enough copies to enable growth on 

uracil deficient media, may therefore be occurring to minimise possible toxic effects resulting 

from a rapid depletion of rare tRNAs.

Addition of the VTE element to the cecropin construct, to produce the plasmid pYWCE2, 

appeared to have a deleterious effect on yeast. No high copy number transformants 

containing this plasmid could be selected, neither could RNA in sufficient quantities for a 

northern blot be obtained due to the low density to which the cells grew in selective media. 

The plasmid was also found to be highly unstable when grown in either selective or non- 

selective media (Figure 3.8). These phenomena indicate that cecropin was possibly being 

produced but was also toxic to the cells. Previously it was concluded that yeast containing 

pYWCEl were possibly producing cecropin but in too low an amount to be detected. If 

translation were to be greatly enhanced by the VTE element there are two consequences: 

the first is that translation enhancement leads to a complete depletion of the pool of available
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rare iso-accepting tRNAs, ceasing production of key metabolic enzymes that may contain rare 

codons; the second is that before the pool of rare tRNAs is completely depleted, enough 

cecropin is synthesised to exert toxic effects on the yeast cells. A deleterious effect was 

seen on yeast containing pYWCE2 whether the promoter was induced or not. However, 

some promoter activity under non-inducing conditions could be due to incomplete repression 

of the galactose inducible promoter, or to a deficiency of glucose in the medium leading to 

derepression of the promoter. Any slight promoter activity could then be greatly enhanced by 

the VTE element.

Product toxicity appears to be a general characteristic of proteins that insert into cell 

membranes. Some examples include the expression of polyoma virus middle T antigen in 

which the toxicity of the protein was thought to be due to non-specific insertion and 

disruption of the intracellular membranes of the host yeast. During growth, the yeast either 

lost the plasmid or truncated proteins were produced that were non-toxic (Belsham e l a/., 

1986). One example shows several of the same characteristics as yeast containing pYWCE2 

and that is the expression of human immune interferon-y. In this case cells failed to grow to 

high density in culture and the vector plasmid was highly unstable in both selective and non- 

selective conditions (Fieschko et. al., 1987). These examples would appear to indicate that 

yeast containing pYWCE2 are synthesising a toxic product which is affecting the host. 

Cecropins exert their effect on cell membranes. They are highly soluble in water where they 

exist as random coil structures which is the form adopted in insect haemolymph. When 

brought into contact with bacterial membranes, cecropins fold into an amphipathic helical 

structure (Steiner, 1982) which, as aggregates, have the potential to form large pores in 

bacterial membranes (Christensen et. al., 1988). A positive surface charge or incorporation of 

cholesterol into membranes decreases sensitivity to cecropins up to 60-fold (Christensen et. 

al., 1988) hence the reason why eukaryotic cells are far more insensitive to cecropins than 

bacterial membranes. Intracellular membranes have a far lower cholesterol content and could 

therefore be highly sensitive to the presence of cecropin. It can be envisaged that yeast 

containing pYWCE2 produce some cecropin which, instead of being secreted, causes pore 

formation in intracellular membranes and thereby proves to be toxic.

Cecropins are naturally secreted into insect haemolymph. A major difference between the
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cecropin clones isolated from insects and the synthetic gene used In the yeast constructs Is 

the possession of a pro sequence as well as a signal sequence (van Hofsten et al., 1985; 

Lidholm et. al., 1987). The Importance of the pro sequence has been established in several 

cases Including the expression of thaumatin in yeast in which the expression of the 

preprothaumatin gene was far higher than the expression of genes encoding partly mature 

forms (Overbeeke et al., 1989).

The Importance of pro sequences has also been shown in the expression and secretion of 

defensin. The defensins are similar to cecropins In being small, basic proteins that are 

induced in insects in response to antibacterial Infections. High levels of expression in yeast 

were achieved by making fusion constructs with the yeast pheromone mating factor a (MFal) 

secretion signal and pro sequence attached to a synthetic defensin gene designed to 

incorporate the yeast preferred codon bias (Reichhart ef. al., 1992).

Successful expression and secretion of up to 600 pg/ml of cecropin A has also been 

achieved by using a baculovirus vector with H. cecropla pupae as host (Heilers e t al., 1991). 

In this instance, the cecropin A cDNA containing the entire preprocecropin sequence was 

used. Hellers e t al. (1991) Initially used the clone for cecropin B which lacked a pro 

sequence but though they were able to detect mRNA they found no protein product, 

implying that the pro sequence is essential for product synthesis and secretion. It is possibie 

that the pro sequence is required to prevent formation into active amphipathic helical 

structures while in close contact with intracellular membranes until secretion has occurred.

The general conclusion is therefore that cecropin was probabiy being produced by the yeast 

but low yields, due to product toxicity and presence of rare codons in the cecropin gene, 

prevented detection. Lack of a pro sequence possibiy led to poor or no secretion and a lethal 

effect on the host yeast cells.

7.2.2 Future work regarding secretion of cecropin

One of the conclusions of the yeast work was that cecropin may have been produced but
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could not be detected. The assays themselves could be improved by using buffered piates 

in the overlay test to eliminate inhibition of bacterial growth caused by acidification of the 

medium by the yeast. Addition of small amounts of lysozyme to the plates, In amounts too 

small to exert an antibacterial effect alone, could also Increase the sensitivity of the test 

(Professor Peter Ham, Keele University, personal communication).

If lack of detection of cecropin were due to low yield, there are many ways in which yield could 

be Improved. These include changing the codon bias of the synthetic gene to reflect that 

found In highly expressed genes, for example, high yields of defensin were possible by using 

a yeast codon bias (Reichhart et. al., 1992). The secretion signal used can be changed to 

improve secretion efficiency. For example, use of the signal sequence from yeast a-factor 

mating type has been found to resuit in the efficient secretion of heterologous proteins 

(Brake et. al., 1984; Bitter et. al., 1984). A change of host from S. cerevlsiae to the yeast 

PIchIa pastorls which has been found to give high levels of expression of heterologous 

proteins (Gregg ef. al., 1987; Tschopp et. al., 1987; Digan et. al., 1989) may also improve 

yield.

However, the aim of the yeast work was not to ultimately achieve high expression levels of 

cecropin in yeast, but to try and determine if the constructs needed altering in order to 

achieve detectable expression levels in plants. When the synthetic cecropin gene and wheat 

a-amylase secretion signal were transformed into tobacco plants under the control of the 

CaMV 35S promoter, cecropin transcripts were detected on northern blots but no protein 

product could be isolated or detected. The major difference between the tobacco and yeast 

work was that in yeast the synthesis of cecropin was under the control of an inducible 

promoter. Since the yeast work indicated that the synthesis of cecropin within ceils may be 

toxic due to potential effects on Internal cell membranes, the synthesis of cecropin under the 

control of the constitutive CaMV 358 promoter may have prevented the selection of 

transformants that were synthesising cecropin successfully. Only transformants containing a 

defective translation of cecropin may have been selected. The yeast work Indicated that 

cecropin was possibly being synthesised and comparisons with other successfully expressed 

and secreted proteins suggested that a major problem with the constructs, which may have 

led to cell toxicity, was the lack of a pro sequence. Successful expression and secretion of

134



cecropin from plant cells may therefore be achieved by the addition of a pro sequence to the 

cecropin gene, and also by placing the synthesis of cecropin under an inducible promoter so 

that even if the production of cecropin within cells proves to be toxic, this wiil not prevent the 

selection of transformants that are capable of synthesising cecropin.

7.8 The cloning of DD1/asparagus SOD

7.3.1 Summary and discussion of results

Previous analysis of poly (A)+ RNA isolated from the asparagus cell culture system at varying

days following the initial cell isolation procedure had identified an induced message which 

appeared to have the expression characteristics required of a promoter to be used in the 

genetic engineering of plants for bacterial resistance (see section 4.1). This induced 

message was named DD1 and was seen to be rapidly activated by the wounding process with 

expression sustained for several days (Figure 4.1). Protein isolated from 2-D gels enabled 

the synthesis of an antibody to the DD1 protein and also the production of an N-termlnal 

microsequence of 28 amino acids. The microsequence initially showed no homology to 

known proteins. Screening of an asparagus cDNA expression library using the DD1 antibody 

failed to identify a positive clone, most likely due to the low titre of the antibody. Using 

oligonucleotides designed to the N-terminal amino acid microsequence as probes also failed 

to identify clones containing homology to the N-termlnal amino acid sequence. However, 

sequence analysis of one of the three clones Identified by the 26 nt oligomer, pDD1-5, was 

found to have high homology to at least two glyclne-rich proteins (Figure 4.10) which are 

involved in cell wall strengthening and are induced in response to wounding (recently 

reviewed by Showalter, 1993).

Later database searches also revealed that pDD1-5 had high homologies to several keratin 

genes. Of the total of 292 bp of nucleotide sequence obtained for pDD1-5, 63.4% identity 

over 142 bp at the nucleotide level was shown to the Xenopus laevis mRNA for a 51 kD 

cytokeratin type I (Hoffmann et al., 1988), and 61.7% identity in a 167 bp overlap to the
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mouse epidermal 67 kD type II keratin mRNA (Steinert et. al., 1985). The homologies are 

confined to the N-terminal regions of the keratin genes which are highly glycine-rich and are 

thought to be responsible for the formation of an insolubie structure following an interaction 

with epidermal matrix proteins (Steinert et. al., 1984). The relationship between the structure 

and function of plant GRPs and animal cytokeratins has previously been noted by Rohde et. 

al. (1990) who found homology between a Hordeum vulgare GRP and a mouse cytokeratin.

Though the clone pDD1-5 was not shown to have homology to the DD1 N-termlnal amino acid 

sequence, the discovery that it had homology to a class of wound-inducible genes, the 

GRPs, does Illustrate that the asparagus model cell culture system may enrich for wound 

induced genes when, out of 3 clones effectively isolated at random, one of them showed 

homology to known wound-induclble genes.

Continuing database searches with the DD1 N-terminal amino acid sequence eventualiy 

revealed a homology of 82% with the maize S0D2 gene (Cannon ef. al., 1987; Figure 5.1). 

This positively identified DD1 as a cytosolic Cu/Zn SOD which enabled a targeted PCR 

approach to be used to isolate the corresponding clone. A clone, pSOD6, was obtained 

which showed 100% homology with the N-terminal amino acid sequence (Figure 5.9a).

The discovery that the DD1 protein from which the N-terminal amino acid sequence data was 

obtained was in fact a cytosolic Cu/Zn SOD is not completely surprising. SODs are induced in 

response to an increase in the amount of free oxygen radicals present (Tsang ef. al., 1991; 

reviewed by Bowler et. al., 1992) which increase in response to a variety of stresses. Initiation 

of cell cultures leads to a variety of stresses, some of which lead to an alteration in the pattern 

of SOD activity in cell cultures (Bauw ef. al., 1987; Figure 5.2). Harikrishna ef. al. (1991) noted 

that initiation of asparagus cell cultures led to a vast increase in oxygen uptake 2-5 days 

following the celi isolation process, indicating that an increase in respiration had occurred. 

One source of oxygen radicals in ceils Is the electron transport chain operating in the 

mitochondria. It is expected that an increase in respiration would lead to an increase in the 

amount of oxygen radicals produced in the mitochondria with subsequent changes in SOD 

activity. An increase in mitochondrial SOD activity would be expected and this Is the case 

found in tobacco cell suspensions (Bauw ef. al., 1987), in which it was conciuded that the
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increase in respiration was caused by the presence of sucrose in the culture medium (Bowler 

et. al., 1989). A general change in the oxygen radical balance In cells may also cause an 

Increase in the activity of cytosolic SODs, such as the induction of the cytosolic Cu/Zn SOD 

seen in the initiation of asparagus cell cultures.

Expression studies of pS0D6, encoding the gene for the asparagus cytosolic SOD, showed 

an increase in message in cell cultures 2 days after the initial isolation procedure (Figure 

5.16a). This time period of induction correlated to some extent with that seen for the

induction of DD1 in 2-D gel analysis of in vitro translated poly (A)+ RNA (Figure 4.1). 

However, the transcript ievel seen with pS0D6 was very much lower than that expected for 

DD1 which was calculated to constitute up to 1% of the total message population (Fioroni, 

1989). The low transcript level of pS0D6 was also seen during library screening in which it 

was found to be present at a frequency of oniy 1 in 10,000 in an asparagus cDNA iibrary which 

had been constructed using message obtained from days 1-3 cell culture RNA. The 

expression analysis of pS0D6 and comparison with the 2-D gel analysis therefore indicated 

that it was unlikely pS0D6 was a member of the DD1 group of proteins identified in the first 

few days following cell culture Initiation. Analysis of the pS0D6 amino acid sequence 

translated from the nucleotide sequence (Figure 5.8) reveals that it contains only 2 

methionine residues including the initial methionine. Since [^®S]-met was used to label the 

In vitro translated products for the 2-D gel analysis, it seems unlikely that the labelled products 

for pS0D6 would be visible amongst other highly labelled proteins. This observation is 

correlated by the In vitro transcription and translation analysis of pS0D6 alone. Using oniy 

pure pSOD6 message but again with [^^S]-met as a labei, a product was obtained but it was 

very faint (Figure 5.15).

The observation that pS0D6 was highly unlikely to be one of the DD1 group of proteins seen 

on the 2-D gel analysis places some doubt as to the origin of the DD1 antibody (Fioroni,

1989). The antibody was prepared by isolating a protein sample corresponding to DD1 

coordinates on a 2-D PAGE gel using protein prepared from 6 week old cell cultures. The 

antibody was polyclonal in nature and was found to bind to all 5 members of the DD1 related 

group present on day 2 following cell isolation.
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Close examination of the work performed by Fioroni (1989) revealed that the protein sample 

from which the N-terminal amino acid sequence data was obtained, which showed the identity 

to SOD, originated from protein isolated from 2 month old cell cultures. The protein samples 

used to prepare the antibody and the N-terminal sequence data therefore originated from 

different sources. It is highly possible that the antibody was prepared to a protein totally 

separate from the protein from which the N-terminal sequence was obtained but which had a 

similar molecular weight and isoelectric point to the DD1 protein. The identification of DD1 on

2-D gels relied on pinpointing the appropriate molecular weight and isoelectric point. Any 

variation in the way the gels were run would have resulted in great difficulty in identifying 

particular spots, especially when the abundance of spots in and around the DD1 group at 14- 

16 kD and isoelectric point 5.0-6.0 is considered (Figure 1.2). Confirmation that the DD1 

group of polypeptides are not related to SOD could be obtained by seeing if a SOD antibody 

binds to the DD1 group on 2-D gel analysis.

The DD1 group of in vitro translated proteins seen on day 2 using 2-D gel analysis may 

correspond to a different group of proteins. Fioroni (1989) suggested that they may belong 

to a group of PR-related proteins which show similar molecular weights and expression 

characteristics. It may eventually be found that the PR-like gene, AoPRI, will correspond to 

one of the spots assigned to the DD1 group.

Further analysis of pS0D6 expression concentrated on determining whether the induction of 

message seen foilowing ceii culture initiation was due to wounding or was induced as a 

consequence of the cell culture system. Successful wound Induction in clones isolated 

following upregulation by the cell culture system has been shown by observing upregulation 

in wounded darkgrown seedlings (Warner, 1992). This approach was therefore used to see if 

the pS0D6 clone was upregulated by wounding. However, northern anaiysis of wounded 

and unwounded dark grown seedling tissue showed that pS0D6 transcript was already 

present in relatively high ievels in dark grown etiolated seedling tissue (Figure 5.16b). No 

increase in message was seen following wounding but it is possible that any response to 

wounding was masked by the high leveis of transcript present.

High leveis of pS0D6 transcript were also seen In the root tissue of green plants. In gel SOD
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activity assays gave very similar profiles for protein isolated from cell culture material, from 

roots, and from dark grown etiolated seedlings (Figure 5.2). This result, combined with the 

results from the northern expression analysis of pS0D6 appeared to suggest that some factor 

other than wounding was responsible for the upregulation of pS0D6 seen in cell culture 

material.

The one factor that these tissues have in common is growth in the dark. The isolation of 

single cells in the cell culture system involves grinding green photosynthetically active 

cladode tissue and then placing isolated single cells Into cell culture medium and incubating in 

the dark. After a few days incubation the cells lose their photosynthetic capacity and revert to 

a heterotrophic mode of existence (Harikrishna et. al., 1992). Roots and dark grown 

seedlings do not photosynthesise and are heterotrophic. The potential cause of induction of 

pS0D6 is therefore the change from leading a phototrophic existence in the light to a 

heterotrophic mode in the dark. The association of cytosolic Cu/Zn SODs with tissues that are 

not normally Involved in photosynthesis has been noted with the tomato Cu/Zn SOD (Perl- 

Treves et. al., 1988; Perl-Treves & Galun, 1991) and with the maize Cu/Zn SOD (White et. al.,

1990).

Dark induced genes have been isolated and include a senescence-associated gene Isolated 

from radish cotyledons (Azumi & Watanabe, 1991), and phytochrome regulated genes 

(Lissemore & Quail, 1988; Kay et. al., 1989). However, examination of the function of SOD 

and the stresses involved In its upregulation suggest that it is not the light or darl< in itseif that 

is responsible for induction but the consequences of the light or dark, particularly an increase 

In superoxide radicals, that leads to an increase in SOD transcript and activity.

Superoxide radicals are constantly produced within the cell. In the chloroplasts this most 

commonly occurs when an electron from an excited chlorophyll molecule or ferredoxin is 

transferred to molecular oxygen (Asada & Takahashi, 1987), while in the mitochondria oxygen 

radicals are formed by the electron transfer chain (Loschen et. al., 1974). In the cytosol, 

enzymic reactions are responsibie for superoxide radical production with enzymes such as 

xanthine oxidase, aldehyde oxidase, and other flavin dehydrogenases capable of generating 

superoxide as a catalytic by-product (Fridovich, 1986). These superoxide radicals are
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removed by a combination of non-enzymic and enzymic mechanisms, the most effective of 

which are the enzymes SOD and catalase which, in combination, convert the superoxide 

radical to water and molecular oxygen (recently reviewed by Scandallos, 1993). Any 

perturbation in the normal cellular processes will disturb the balance between the rate at which 

superoxide radicals are formed and removed. An increase in the amount of superoxide 

radicals will lead to an increase in the mechanisms involved in their removal in order to prevent 

irreversible cellular damage. Conditions that iead to an increase in photosynthesis generally 

increase the production of superoxide radicals In the chloroplasts (Rablnowitch & Sklan, 

1980; Wise & Naylor, 1987) with a corresponding increase in SOD activity in the chloroplasts, 

while increases in respiration lead to an increase in oxygen radicals In the mitochondria 

(Bowler et. al., 1989) with concomitant increase in mitochondrial SOD activity.

Cytosolic SODs appear in all cases to increase in response to stress, even if the stress 

appears to be mainly confined to either the chloroplasts or mitochondria. For example, 

cytosolic SODs have been found to increase in response to paraquat (Matters & Scandallos, 

1986), wounding and drought stress (Perl-Treves & Galun, 1991), and to heat shock (Tsang 

et. al., 1991). This may indicate that the increase in cytosolic SOD is a generalised response 

to increases in oxygen radicals. In fact, interchangeability between Cu/Zn SODs and 

MnSODs has been observed in yeast. Greco ef. al. (1990) found that when S. cerevlsiae is 

grown under conditions of limited copper, the amount of Cu/Zn SOD mRNA, activity and 

protein decreased while a corresponding increase in MnSOD activity and mRNA was 

observed.

In the case of the asparagus cytosolic Cu/Zn SOD, pS0D6, an increase in transcript is 

observed when cells are placed in culture medium, which is reflected by an increase in the 

activity band SOD-4 which was found to correspond to pS0D6 (section 6.6). By day 8 the 

SOD activity profile of protein from cultured cells Is almost the same as that from dark grown 

etiolated seedlings and root (Figure 5.2). When whole asparagus fronds are supplied with 

sucrose, the SOD activity profile Is also representative of that in roots and etioiated seedlings 

(Figure 5.17). Both dark grown etioiated seediings and roots depend on sugar breakdown to 

provide energy while cultured cells are supplied with sugar in the culture medium. The 

correlation of the presence of the asparagus SOD transcript with cultured cells, dark grown
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etiolated seedling and root, all tissues which are undergoing increased respiration when 

compared with photosynthetically active green tissue, leads to the conclusion that it may be 

increased respiration that causes an induction of the asparagus SOD. Wounding would be 

expected to increase the activity of this SOD since wounding leads to an increase in 

respiration but it is possible that this increase was masked in northern hybridisation analysis of 

wounded seedling tissue by the presence of high levels of endogenous asparagus SOD 

transcript.

Library screening that resulted in the cloning of pS0D6 also identified a second clone, 

pS0D4, that showed close similarities to pS0D6. The clones were seen to be identical at the 

N-terminal end of the coding region but differed in the 3’ untranslated regions (Figures 5.11 & 

5.12 ). Other cases in which two SOD clones with almost identical sequences were isolated 

also exist. Isin et. al. (1990) isolated two clones for pea chloroplastic Cu/Zn SOD which were 

found to differ in their 3’ untranslated regions. The difference was due to a 37 bp insert found 

to be characteristic of transposable element insertion sites. Gannon and Scandalios (1989) 

isolated two genes for maize cytosolic Cu/Zn SOD, Sod4 and Sod4A, for which the proteins 

were biochemically indistinguishable. The genes were found to have only two amino acid 

differences in their coding regions but differed to a greater extent in both their 5’ and 3’ 

untranslated regions. A similar case has recently been reported concerning the isolation of 

two cDNA clones for cytosolic Cu/Zn SOD in rice (Sakamoto ef. al., 1992) but in this instance 

greater amino acid differences were seen in the coding regions than that reported by Cannon 

and Scandalios for the maize clones.

Cannon and Scandalios (1989) suggest that the possession of two genes with the same 

coding region could confer an evolutionary advantage. If the two genes were arranged in 

tandem on the chromosome they could provide intramolecular recombination sites which 

would allow the removal of mutations through recombination events. A genomic Southern 

blot using an oligonucleotide designed to the N-terminal region of pS0D6 indicated that two 

related genes may be arranged in tandem in asparagus (section 4.3.2, figure 4.5). 

Confirmation of this requires further analysis, for example, by isolating overlapping genomic 

clones and showing that the two genes were indeed arranged in tandem.
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7.3.2 Future work regarding SOD activity and expresalon In asparagus cell 

cultures

Though in vitro translation studies showed pS0D6 to correspond with the activity of SOD-4, 

this result still requires further confirmation, which ecu id be achieved by isolation of the 

protein corresponding to SOD-4 and seeing if protein sequence obtained corresponds with 

the translated DNA sequence of pS0D6.

The isolation of two clones, pS0D6 and pS0D4, which showed homology at the S' ends 

indicates that the northern blots showing expression of pS0D6 may show the combined 

expression profiles of both clones. Further sequencing of pS0D4 is required to determine to 

what extent the two clones are homologous and If hybridisation conditions can be found that 

are capable of differentiating between the two transcripts. In the case of maize, where two 

very closely related cytosolic SODs were isolated, transcripts could be differentiated by using 

probes originating from the 3’ regions of the cDNA, where the clones were found to differ the 

most (Cannon & Scandalios, 1989). Since pS0D4 and pS0D6 differ in their 3' regions it may 

be possible to use the same approach to determine expression specific to the clones.

Though pS0D6 was shown not to be wound-induced, there Is a possibility that wound- 

induced SODs are present as shown by the presence of induced SOD activity bands in 

chopped up seedlings (Figure 5.2). These could be cloned by screening the library with 

pS0D6 as a probe under conditions allowing hybridisation to ciones that are similar In 

sequence, an approach used by Cannon and Scandallos (1989) to clone cytosolic Cu/Zn 

S0D4 with maize cytosolic Cu/Zn S0D2 as a probe. Study of expression profiles would 

enable wound-induced SODs to be identified and their potential for use in the genetic 

engineering of resistance analysed.

The aim of cloning the gene corresponding to the spot identified as DD1 on 2-D gel analysis 

was eventually to enable the cloning of a promoter which would be rapidly activated by 

wounding with activity sustained for several days for the purposes of engineering bacterial 

resistance in plants. The clone identified as having 100% homology with DD1 protein 

microsequence was shown to be a cytosolic Cu/Zn SOD which was probabiy induced by
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respiration and not directly by wounding. The promoter for this gene would therefore be 

unsuitable for use in genetic engineering since it wouid respond to a general stimulus rather 

than to the more specific wounding stimulus. However, though the promoter may only be 

useful for studies of the regulation of SOD, the SOD gene itself may prove to be a worthwhile 

target for engineering purposes.

Pathogen attack causes an increase in superoxide radical formation with a corresponding 

increase in SOD activity. For example. Pseudomonas syringae Infection of tobacco induces 

MnSOD (Bowler et al., 1989). Some pathogens also exert their toxic effects through an 

oxygen radical mechanism, for example, many fungi of the genus Cercospora produce the 

toxin cercosporin. Alone, the toxin does not damage the plant but in the presence of light 

cercosporin reacts directly with molecular oxygen to produce either singlet oxygen and /or 

superoxide radicals leading to toxic effects on the plant cells. Williamson and Scandalios 

(1992) showed that in maize though SOD transcript levels accumulated dramatically in 

response to the toxin, total SOD activity and individual SOD Isozyme levels remained 

constant, suggesting that protein turnover may be involved In the response of SOD to 

oxygen radicals.

The activity of SOD in pathogenicity varies according to the compatibility or incompatibility of 

the interaction. The involvement of superoxide radicals in the hypersensitive response in the 

incompatible interaction has been discussed in section 1.9.1. Basically, evidence is 

accumuiating showing that superoxide and SOD are involved In establishing either a 

compatible or incompatible interaction between plant and pathogens. It appears that 

superoxide radicals are required for the hypersensitive response to occur in an incompatible 

Interaction. If SOD activity is rapidly induced following pathogen infection, superoxide radicals 

are removed, there is no hypersensitive response and a compatible interaction is estabiished 

(Zacheo & Bleve-Zacheo, 1988; Hwang et a!., 1991). In contrast, the induction of SOD 

activity is delayed or induction occurs to a far lower extent in an incompatible interaction, 

ailowing the establishment of a hypersensitive response.

It may therefore be possible to engineer resistance to pathogens in plants through 

manipulating SOD activity in such a way that it follows the pattern of an incompatible response.
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This would require that SOD activity is not induced following pathogen attack to ailow the 

formation of a hypersensitive response. This could be achieved by using antisense to SOD 

genes attached to a promoter that is rapidly activated following pathogen infection. This 

would decrease SOD activity levels, allowing superoxide radicals to establish a resistance 

response. An alternative approach would be to engineer the increased production of oxygen 

radicals at Infection sites to stimulate the establishment of a hypersensitive response, 

perhaps by engineering enzymes that form superoxide radicals as a by-product, such as 

xanthine oxidase or aldehyde oxidase (Fridovich, 1986).

Though the promoter for the asparagus gene, pS0D6, is unlikely In itself to be useful in 

engineering resistance, the study of the function of SOD and particularly its invoivement in 

pathogenicity, has revealed possible alternative approaches to the engineering of resistance 

in piants to pathogens.

7.4 Expression analysis of a wound-lnduclble promoter In potato

7.4.1 Summary and discussion of results

The isolation of the AoPRI promoter (Warner ef. al., 1993) provided a promoter which 

showed the required expression characteristics of rapid induction with sustained activity for 

use in the engineering of plants for bacterial resistance. Activity of this promoter was 

therefore analysed further using the GUS reporter gene in potato, a target for engineering 

resistance to bacterial soft rot.

All transformed potato plants obtained showed wound-inducible GUS expression (Figure 

6.2b), varying mainly in quantitative expression (Figure 6.4). Some variation was observed in 

expression seen in root and stem tissue with some lines showing constitutive expression in 

both tissues and other lines showing either no constitutive expression or expression in only 

one of these tissues. Differences In expression of the reporter gene under the control of the 

same promoter are presumed to be due to the actual site of insertion of the AoPRI



promoîer/fifus A construct into the potato genome. However, the results did indicate that all 

transgenic potato lines obtained containing the AoPRI promoter/gus A construct showed 

wound-inducibility of expression. This indicates that the wound-inducible element of the 

promoter is strong and is affected only quantitatively by Its Insertional position. Wound- 

inducible expression was found to be highly localised to a few cell layers surrounding the 

wound site. This same pattern of expression was observed following infection by various 

pathogens in which expression of the gus A reporter gene was highly elevated around sites 

of dead and damaged tissue caused by the infection (Figures 6.9 b & 6.10 b, d).

Many genes have been isolated which are upregulated both by wounding and pathogen 

attack and many of these are involved in the general plant defence response. For example, 

chalcone isomerase, an enzyme that catalyses a step common to the synthesis of flavonoid 

pigments and isoflavonoid phytoalexins, is upregulated in bean following infection with 

Colletotrichum lindemuthlanum and also by mechanical wounding (Mehdy & Lamb, 1987). 

Chitinase in bean is also upregulated by the same two stimuli (Hedrick et. al., 1988). Other 

enzymes upregulated both by wounding and infection include phenylalanine ammonia lyase 

(Cramer et. al., 1989; Lois et. al., 1989), 4-coumarate CoA ligase (Schmelzer et. al., 1989), 

and a tomato anionic peroxidase gene (Mohan et. al., 1993), an enzyme thought to cause 

polymerisation of phenolic residues into cell wall polymers.

The activation of some genes by both wounding and pathogen attack is not surprising. Many 

pathogens gain entry into plants through wound sites so It is to the advantage of the plant to 

have a defence system activated by wounding. Some of the genes that are activated also 

serve a common purpose, for example, the upregulation of genes involved In strengthening 

the cell wall such as the extensins (Rumeau et. al., 1990) serves to protect a wound site from 

desiccation and also acts to prevent the entry and spread of pathogens.

Some genes differ in their response to wounding and pathogen invasion. For example, 

mRNA for a proline-rlch protein from bean was found to decrease in response to treatment of 

cell cultures with fungal elicitor, but increased following wounding (Sheng et. al., 1991). in 

some cases a differential response to wounding and pathogen infection has been shown to 

be due to the possession of a multigene family in which individual members of the family
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respond to either wounding or pathogen challenge. This has been shown to be the case with

3-hydroxy-3-methylglutaryi coenzyme A reductase (Yang et. al., 1991), and with the p- 

glucanase genes in which wounding strongly induces the basic glucanase genes but has little 

effect on the acidic isoforms (van de Rhee et. al., 1993).

Differences in the response of some genes to pathogen infection are due to the compatibility 

or incompatibility of the reaction which is dependent on the possession of resistance genes 

in the plant and corresponding virulence genes in the pathogen (see section 1.9.1). For 

example, an Incompatible interaction in French bean showed rapid, localised accumulation of 

PAL and CHS transcripts, while in the compatible Interaction, induction of these transcripts 

was delayed and not localised (Bell ef. al., 1986). The induction of some genes, however, 

shows no difference between a compatible and incompatible Interaction, for exampie the p- 

glucanases and chitinases in potato (Schroder et. al., 1992). Transcript accumulation for 

many genes involved in the defence response showing incompatible dependent and 

Independent responses were studied by Jakobek and Lindgren (1993) who eventually 

concluded that there are two mechanisms involved in the induction of defence transcripts, a 

general mechanism which responds equally to both wounding and pathogen stimuli, and a 

more specific mechanism associated with the incompatibility of a reaction with the induction of 

a hypersensitive response.

A phenomenon commonly associated with the hypersensitive response is systemicaliy 

acquired resistance (SAR) in which defence related genes are activated at distances away 

from the initial site of infection (see section1.8.3). SAR therefore requires the transmission of 

a signal from the affected site to other, non-affected, parts of the plant. Pathways involving 

salicylic acid (eg. Maiamy et. al., 1990; Kauss et. al., 1992), jasmonic acid (eg. Farmer & Ryan, 

1992; Grimes et. al., 1992), and ethylene (eg. Ecker & Davis, 1987; Weiss & Bevan, 1991) are 

thought to be involved (reviewed by Maiamy & Klessig, 1992; Enyedi ef. al., 1992). However, 

no evidence was found showing that wounding or pathogen attack activated the AoPRI 

promoter in a systemic manner (Figure 6.8). Salicylic acid was found to activate the promoter 

only when wounding was applied at the same time (Simon Warner, personal communication). 

SAR is most commonly associated with the hypersensitive reaction in plants which is the 

result of an Incompatible interaction between plant and pathogen. Since the potato cultivar
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used, Desiree, has no major resistance genes, the effect of an incompatible interaction, which 

may lead to SAR, could not be studied. However, results obtained from infection of the 

transgenic potato plants showed that the A0 PRI promoter did not respond to the presence 

of the pathogen itself, but reporter gene expression only became detectable once visible cell 

damage had occurred (Figure 6.9d). This indicates that it may be cell damage caused either 

by mechanical wounding or through the growth and replication of a pathogen that activates 

the A0 PRI promoter.

Possible elicitors leading to activation of the A0 PRI promoter may therefore include cell wall 

fragments derived from either plant or pathogens (reviewed by Ryan & Farmer, 1991; Farmer 

et. al., 1991; see section 1.8.2). During the course of infection by, for example, E. 

carotovora , hydrolytic enzymes are released by the pathogen which degrade the plant cell 

wall. These include polygalacturonase, pectinesterase, pectin lyase and ceiiuiases (reviewed 

by Lyon, 1989) which release specific plant cell wall fragments. Pectin has been shown to 

regulate plant defence responses. For example, the addition of pectic fragments to a 

suspension of castor bean cells resulted in lignin synthesis detectable within 3 hours (Bruce 

& West, 1989). The induction of plant p-glucanase and chitinase enzymes by pathogen 

infection (for example, Schroder et. al., 1992) results in the reiease of elicitor active fragments 

from pathogen cell walls. These include the p-glucans and it has been shown that a p-1,3- 

glucanase induced in soybean seedlings as a result of pathogenic infection releases 

phytoalexin elicitor active fragments from the walls of the pathogen (Ham et. al., 1991). p- 

Glucan elicitor binding sites in the membrane fractions of soybean roots have also been 

identified (Schmidt & Ebel, 1987).

P-Glucanases, induced as a response to both wounding and pathogen attack, are localised 

both to the cell wall and to the vacuole (van den Bulcke et. al., 1989; Mauch & Staehelln,

1989). It Is therefore possible that the cell wall localised p-glucanases are invoived in the 

activation of further p-glucanases and other defence genes through the production of p- 

glucan elicitors, as suggested by Simmons et. al. (1992). The vacuole localised enzymes, 

which include chitinase (Boiler & Vogeli, 1984) as well as p-glucanase, may form a final line of 

defence against pathogens once the cell lyses (Mauch & Staehelln, 1989). The vacuole 

contains several hydrolytic enzymes (Boiler & Kende, 1979) and it is possible that rupture of
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the vacuolar membrane by wounding or pathogen attack releases enzymes that in turn 

release elicitor active fragments from plant and pathogen cell walls. The effect of cell wall 

derived elicitors on A0 PRI promoter driven GUS activity has not been analysed so further 

conclusions conerning the activation of this promoter cannot be made at this stage.

The available information concerning the A0 PRI promoter at present indicates that it is 

activated as a result of a general mechanism in response to cell damage caused either 

mechanically or by pathogen Invasion. A0 PRI promoter/pus A constructs need to be 

transferred into potato lines containing major resistance genes in order to assess the 

response of the promoter to an incompatible interaction before further conclusions can be 

made concerning the activation of this promoter. Preliminary data from the analysis of 

transgenic tobacco containing the AoPR1/gus A construct conducted by Dr. Luis Mur at 

Leicester University does, however, indicate that the incompatibility or compatibility of a 

pathogen interaction makes no difference to the activity of the A0 PRI promoter. Activation of 

the promoter, leading to reporter gene expression, can only be observed once cell damage 

has occurred.

7.4.2 Future work Involving the use ot the AoPRI promoter In engineering 

disease resistance

Following wounding in tobacco, the induction of the gus A reporter gene under the control of 

the A0 PRI promoter was detectable within 3 hours with activity increasing up to 4-5 days 

(Warner et. al., 1992). Expression was also highly localised to the actual wound site with no 

systemic induction observed following the wound stimulus. This pattern of expression was 

therefore that required of a promoter to be used for the engineering of bacterial resistance in 

plants by the wound-inducible secretion of an antibacterial substance.

However, the AoPRI promoter was also found to be expressed in the vascular tissue at sites 

of secondary thickening and in parts of the floral tissues, including the pollen, when 

expression of a reporter gene was studied in tobacco (Warner, 1992). Constitutive 

expression in the vascular tissues of young potato leaves was also noted with high

148



expression in tubers. A promoter is required that responds only to wounding since the 

expression of a foreign protein in various parts of the plant is obviously undesirable, 

particularly expression in pollen which may lead to concerns about the escape of toxic 

proteins into the food chain.

Many promoters direct expression which is not confined to one particular stimulus. For 

example, the PR proteins in tobacco not only accumulate in response to pathogen infection 

but are also present during flower development (Lotan et al., 1989). If the same gene 

product serves many purposes, it is advantageous to the plant to direct the expression of that 

product using a promoter which responds to different situations. This means that it is highly 

unlikely that a promoter will be found that responds purely to wounding.

Deletion analysis of the potato PI II gene promoter is beginning to identify regions of the 

promoter that confer wound-inducibility (Keil e t at, 1990), and a sequence has been 

identified that binds nuclear protein extract from wounded tomato leaves (Palm et at, 1990). 

A deletion of approximately 200 base pairs from the 5’ region of the AoPRI promoter was 

found to eiiminate wound-inducibiiity of expression but retained some of the developmental 

expression (Warner, 1992). This data illustrates that promoters are constructed of regions 

which respond specifically to different stimuli. It may therefore be possible to design a 

promoter which retains the required characteristics but eliminates unwanted expression. A 

wound-inducible element could then be attached to enhancers to provide entirely specific 

promoters with predictable activity. The problem of insertional position affecting expression 

could be eliminated by the use of locus control regions (LCRs) or scaffold attachment regions 

(SARs). These are sequences of DNA which have been found to confer position- 

independent expression of the chicken p-globin gene in transgenic mice (Reitman ef. al.,

1990), and of the GUS reporter gene in tobacco (Breyne ef. al., 1992) when attached to the 5’ 

end of promoters. Designing promoters using this building block approach will only become 

possible once more analysis of promoters, including the AoPRI promoter, takes place. 

Analysis will include making deletions of regions of the promoter from both S' and 3' ends and 

also from central regions, and aiso mutations of regions identified as conferring specific 

properties. This anaiysis will probably require several years of work but crude chlmaeric 

promoters may be constructed at present using regions aiready identified as conferring
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wound-inducibility and attaching them to minimal promoters such as the -90 bp region of the 

CaMV 35S promoter (Fang et. al., 1989).

Desirabie elements of the AoPRI promoter which should be identified and retained are 

regions conferring wound-inducibility of expression and localisation of expression so that 

wide spread induction of a toxic protein is not a problem. The induction of the AoPRI 

promoter by pathogens also appears not to depend on the pathogen but the damage that it 

inflicts on a cell. A promoter that is not affected by the compatibility or incompatibility of an 

interaction is required since its activity wouid be more predictabie. Further worl( analysing the 

activity of this promoter in relation to incompatible Interactions is needed to confirm that it is 

not affected by the presence of the pathogen itself.

Work analysing the effects of various elicitors on AoPRI activity should also be conducted. 

The induction of the AoPRI promoter by an elicitor would enable a crop of harvested 

potatoes to be sprayed prior to storage to ensure the Immediate production of an antibacterial 

protein. The soft-rot bacteria are soil dwelling and are therefore given most opportunity to 

infect potato crops at the time of harvesting which not only may wound the crop but also 

harvests the bacteria in conjunction with the potato crop, if the entire crop were induced to 

synthesise the immediate production of an antibacterial protein this may prevent infection and 

so eiiminate any future problems with soft rot that are normally encountered during storage. 

Spraying with an elicitor will also provide a second strategy to combat soft rot should the 

wound-inducible element fail to confer protection.

7.5 Final eoncluslons

A major aim of plant breeders is to improve disease resistance in plants. Traditional plant 

breeding methods require the identification of a resistant line which is then crossed with a 

desired line to obtain the required line with improved resistance. However, for some bacteriai 

infections of plants, such as soft rot caused by Erwlnia species, no resistant lines are available 

and alternative methods have to be employed to increase resistance in plants. It is in such a
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situation that the use of genetic engineering provides a complementary tool to the plant 

breeder. One approach to engineering resistance in potato to soft rot is to induce the 

secretion of an antibacterial substance at wound sites which provide entry points for the 

bacteria. Elements of this approach were examined in this thesis, including the secretion of 

the antibacterial substance, cecropin, and the analysis of a suitable wound-inducible 

promoter. Future continuation of this worl( will require that constructs are made with the 

wound-inducible A0 PRI promoter attached to a full cecropin sequence (containing pre and 

pro sequences) with the wheat a-amylase secretion signal. Once transgenic potato plants are 

obtained, they can then be assessed for any increased resistance to E. carotovora infection.

Recent papers indicate that this approach to engineering resistance will probably be 

successful. For example, a major component of this approach is the use of a wound-inducible 

promoter to target cecropin to the sites where it is most likely to encounter the soft rot 

bacteria. A similar targeted approach was used by Fehér et. al. (1992) who produced Potato 

Virus X (PVX) resistant potato plants by expressing PVX coat protein under the control of the 

ethylene-induclble carrot extensin gene promoter. Virus infection leads to an Increase in 

endogenous ethylene production which then activates the promoter, ensuring that coat 

protein is produced when required.

Another property of the proposed route for increasing resistance was the use of a cecropin 

gene which had been modified for maximum expression in plants by altering codon-usage. 

This approach has also been adopted by two groups who have both modified the crylllA 8- 

endotoxin gene from B. thurlnglensis to reflect plant codon usage (Adang et. al., 1993; 

Perlak et. al., 1993). Both groups have shown that transgenic potato plants were obtained 

with increased resistance to the Colorado potato beetle under laboratory (Adang et. al., 1993) 

and field conditions (Perlak et. al., 1993).

An important aspect of the proposed approach to engineering resistance was the secretion of 

the antibacterial protein. During et. al. (1993) have recently shown that potato plants 

containing T4 lysozyme attached to the barley a-amylase secretion signal under the control of 

the CaMV 35S promoter possess Increased resistance to soft rot caused by E. carotovora. 

This example illustrates very strongly that it is possible to engineer increased resistance to
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soft rot bacteria. The approach outlined in this thesis, however, involved the use of a wound- 

inducible promoter in the expectation that this would restrict the production and secretion of 

antimicrobial substances to sites where they will be most effective, rather than having a more 

constitutive production of the substance throughout the plant.

The most striking aspect of the approaches people have used to engineer resistance in 

plants is that they all use some component of the plant’s natural defence system. For 

example, the defence genes are inducible either by wounding or pathogen attack; some 

defence gene products, such as the chitinases and p-glucanases, are secreted into the 

intercellular fluid; and antimicrobial substances such as the phytoalexins are produced. It is 

therefore by studying the plant’s own highly successful defence system that further 

approaches will be revealed that enable the genetic engineering of increased resistance to 

be achieved.

152



REFERENCES

Abel, P.P., Nelson, R.S., De, B., Hoffmann, N., Rogers, S.G., Fraley, R.T. and Beachy, R.N. 

(1986) Delay of disease development In transgenic plants that express the tobacco mosaic 

virus coat protein gene. Science 232:738-743.

Adang, M.J., Brody, M.S., Cardineau, G., Eagan, N., Roush, R.T., Shewmaker, O.K., Jones. 

A., Oakes, J.V. and McBride, K.E. (1993) The reconstruction and expression of a Bacillus 

thurlnglensis crylllA gene in protoplasts and potato plants. Plant Molecular Biology 21:1131- 

1145.

Andresen, I., Becker, W., Schliiter, K., Burges, J., Parthier, B. and Apel, K. (1992) The 

identification of leaf thionin as one of the main jasmonate-induced proteins of barley 

{Hordeum vulgare). Plant Molecular Biology 19:193-204.

Apostol, I., Heinstein, P.P. and Low, P.S. (1989) Rapid stimulation of an oxidative burst during 

elicitation of cultured plant cells. Plant Physiology 90:109-116.

Arora, M.K. and Strange, R.N. (1991) Phytoalexin accumulation in groundnuts in response to 

wounding. Plant Science 78:157-163.

Asada, K. and Takahashi, M. (1987) Production and scavenging of active oxygen in 

photosynthesis. In Photoinhibition, edited by Kyle, D.J., Osmond, C.B. and Arntzen, C.J. 

Amsterdam: Elsevier Science Publishers B.V. pp.227-287.

Azumi, Y. and Watanabe, A. (1991) Evidence for a senescence-associated gene induced by 

darkness. Plant Physiology 95:577-583.

Bauw, G., De Loose, M., Inzé, D., Van Montagu, M. and Vandekerckhove, J. (1987) 

Alterations in the phenotype of plant cells studied by NHg-terminal amino acid-sequence

153



analysis of proteins eiectroblotted from two-dimensional gel-separated total extracts. 

Proceedings of the National Academy of Sciences USA 84:4806-4810.

Beachy, R.N, Loesch-Fries, S. and Tumer, N.E. (1990) Coat protein-mediated resistance 

against virus infection. Annual Reviews of Phytopathology 28:451 -474.

Beauchamp, 0. and Fridovich, I. (1971) Superoxide Dismutase: improved assays and an 

assay applicable to acrylamide gels. Analytical Biochemistry 44:276-287.

Beggs, J.D. (1978) Transformation of yeast by a replicating hybrid plasmid. Nature 275:104- 

109.

Bell, E. and Mullet, J.E. (1991) Lipoxygenase gene expression is modulated in plants by 

water deficit, wounding, and methyl jasmonate. Molecular and General Genetics 230:456- 

462.

Bell, J.N., Ryder, T.B., Wingate, V.P.M., Bailey, J.A. and Lamb, C.J. (1986) Differential 

accumulation of plant defense gene transcripts in a compatible and an Incompatible plant- 

pathogen interaction. Molecular and Cellular Biology 6'A6'l5-'\ 623.

Belsham, G.J., Parker, D.G. and Smith, A.E. (1986) Expression of polyoma virus middle-T 

antigen in Saccharomyces cerevlsiae. European Journal of Biochemistry 156:413-421.

Bennetzen, J.L. and Hall, B.D. (1982) Codon selection in yeast. Journal of Biological 

Chemistry 257;3026-3031.

Beukema, H.P. and van der Zaag, D.E. (1990) Introduction to potato production. Pudoc 

Wageningen.

Bevan, M. (1984) Binary Agrobacterium vectors for plant transformation. Nucleic Acids 

Research 12:8711-8721.

154



Billing, E. (1987) Bacteria as Plant Pathogens. Aspects of Microbiology series, number 14. 

Published by Van Nostrand Reinhold (UK) Co. Ltd.

BIrnboim, H.C. and Doly, J. (1979) A rapid alkaline extraction proceedure for screening 

recombinant plasmid DNA. Nucleic Acids Research 7:1513-1523.

Bishop, P.D., Makus, D.J., Pearce, G. and Ryan, C.A. (1981) Proteinase inhibitor inducing 

factor activity in tomato leaves residues in oligosaccharides enzymically released from cell 

walls. Proceedings of the National Academy of Sciences USA 78:3536-3540.

Bitter, G.A., Chen, K.K., Banks, A.R. and Lai, P-H. (1984) Secretion of foreign proteins from 

Saccharomyces cerevlsiae directed by a-factor gene fusions. Proceedings of the National 

Academy of Sciences USA 81:5330-5334.

Bohlmann, H., Clausen, S., Behnke, S., Giese, H., Hiller, C., Relmann-Phllipp, U., Schrader, 

G., Barkholt, V. and Apel, K. (1988) Leaf-specific thionins of barley - a novel class of cell wall 

proteins toxic to plant-pathogenic fungi and possibly involved in the defence mechanism of 

plants. European Molecular Biology Organisation Journal 7 :1559-1565.

Bohlmann, H. and Apel, K. (1991) Thionins. Annual Reviews of Plant Physiology and Plant 

Molecular Biology 42:227-240.

Bol, J.F., Linthorst, H.J.M, and Cornelissen, B.J.C. (1990) Plant pathogenesis-related 

proteins induced by virus infection. Annual Reviews of Phytopathology 28:113-138.

Boiler, T. and Kende, H. (1979) Hydrolytic enzymes in the central vacuole of plant cells. Plant 

Physiology 63:1123-1132.

Boiler, T. and Vôgeli, U. (1984) Vacuolar localization of ethylene-induced chitinase in bean 

leaves. Plant Physiology 74:442-444.

Bolton, E.T. and McCarthy, B.J. (1962) A general method for the isolation of RNA

155



comlementary to DNA. Proceedings of the National Academy of Sciences USA 48:1390

Bolwell, G.P., Robbins, M.P. and Dixon, R.A. (1985) Metabolic changes in elicitor-treated 

bean cells. Enzymic responses in relation to rapid changes in cell wall composition. 

European Journal of Biochemistry 148:571 -578.

Boman, H.G. (1986) Structure and function of attacins and cecropins - two classes of 

antibacterial proteins from insects. In Natural Antimicrobial Systems, FEMS Symposium 

number 35. Edited by G.W. Gould, M.E. Rhodes-Roberts, A.K. Charnley, R.M. Cooper and 

R.G. Board. Bath University Press.

Boman, H.G. and Hultmarl<, D. (1987) Cell-free immunity in insects. Annual Reviews of 

Microbiology 41:103-126.

Boman, H.G. (1991) Antibacterial peptides: key components needed In Immunity. Cell 

65:205-207.

Boman, H.G., Faye, I., Gudmundsson, G.H., Lee, J-Y. and Lidholm, D.A. (1991) Cell-free 

Immunity in Cecropia. A model system for antibacterial proteins. European Journal of 

Biochemistry 201:23-31.

Bostock, R.M., Laine, R.A. and Kuc, J.A. (1982) Factors affecting the elicitation of 

sesquiterpenoid phytoalexin accumulation by eicosopentaenoic and arachidonic acids in 

potato. Plant Physiology 70:1417-1424.

Bostock, R.M. and Stermer, B.A. (1989) Perspectives on wound healing in resistance to 

pathogens. Annual Reviews of Phytopathology 27:343-371.

Bowler, C., Alliotte, T., de Loose, M., van Montagu, M. and Inzé, D. (1989) The Induction of 

manganese superoxide dismutase in response to stress in NIcotlana plumbaglnlfolla. 

European Molecular Biology Organisation Journal 8:31 -38.

156



Bowler, C., Slooîen, L , Vandenbranden, S., de Ryche, R., Bolterman, J., Sybesma, C., van 

Montagu, M. and Inzé, D. (1991) Manganese superoxide dismutase can reduce cellular 

damage mediated by oxygen radicals In transgenic plants. European Molecular Biology 

Organisation Journal 7:1723-1732.

Bowler, C., van Montagu, M. and Inzé, D. (1992) Superoxide dismutase and stress tolerance. 

Annual Reviews of Plant Physiology and Plant Molecular Biology 43:83-116.

Bowles, D.J. (1990) Defense-related proteins In higher plants. Annual Reviews of 

Biochemistry 59:873-907.

Bradford, M.M. (1976) A rapid and sensitive method for the quatification of microgram 

quantities utilizing the principle of protein dye binding. Anals of Biochemistry 72:248-254.

Bradley, D.J., Kjellbom, P. and Lamb, C.J. (1992) Elicitor- and wound-induced oxidative cross- 

linking of a proline-rich plant cell wall protein: a novel, rapid defense response. Cell 70:21-30.

Brake, A.J., Merryweather, J.P., Colt, D.G., Heberlein, U.A., Maslarz, F.R., Mullenbach, G.T., 

Urdea, M.S., Valenzuela, P. and Barr, P.J. (1984) a-Factor-dlrected synthesis and secretion of 

mature foreign proteins in Saccharomyces cerevlsiae. Proceedings of the National Academy 

of Sciences USA 81:4642-4646.

Braun, C.J. and Hemenway, C.L. (1992) Expression of amino-terminal portions or full-length 

viral replicase genes in transgenic plants confers resistance to potato virus X infection. The 

Plant Cell 4:735-744.

Breyne, P., van Montagu, M., Depicker, A. and Gheysen, G. (1992) Characterization of a plant 

scaffold attachment region in a DNA fragment that normalizes transgene expression in 

tobacco. The Plant Cell 4 :463-471.

Bruce, R.J. and West, C.A. (1982) Elicitation of casbene synthetase activity in castor bean. 

The role of pectic fragments of the plant cell wall in e iic itation by a fungal

157



endopolygalacturonase. Plant Physiology 69; 1181 -1188.

Bruce, R.J. and West, C.A. (1989) Elicitation of lignin biosynthesis and isoperoxidase activity 

by pectic fragments in suspension cultures of castor bean. Plant Physiology 89:889-897.

Bullock, W.O., Fernandez, J.M. and Short, J.M. (1987) XLI-Blue: A high efficiency plasmid 

transforming recA Escherichia coll strain with beta-galactosidase selection. BloTechnlques 

5:376.

Cannon, R.E., White, J.A. and Scandalios, J.G. (1987) Cloning of CDNAfor maize superoxide 

dismutase 2 (S0D2). Proceedings of the National Academy of Sciences USA 84:179-183.

Cannon, R.E. and Scandalios, J.G. (1989) Two cDNAs encode two nearly identical Cu/Zn 

superoxide dismutase proteins in maize. Molecular and General Genetics 219:1-8.

Carri, M.T., Galiazzo, P., Ciriolo, M.R. and Rotilio, G. (1991) Evidence for co-regulation of 

Cu,Zn superoxide dismutase and metallothionein gene expression in yeast through 

transcriptional control by copper via the ACE 1 factor. FEBS Letters 2278:263-266.

Casacuberta, J.M., Puigdomènech, P. and San Segundo, B. (1991) A gene coding for a basic 

pathogenesis-related (PR-like) protein from Zea mays. Molecular cloning and induction by a 

fungus (Fusarlum monlllforme) in germinating maize seeds. Plant Molecular Biology 16:527- 

536.

Cassab, G.l. and Varner, J.E. (1988) Cell wall proteins. Annual Reviews of Plant Physiology 

and Plant Molecular Biology 39:321 -353.

Cesareni, G. and Murray, J.A.H. (1987) Plasmid vectors carrying the replication origin of 

filamentous single-stranded phages. In Genetic Engineering, volume 9, pp 135-154, edited 

by Setlon, J.K. Plenum Publishing Corporation, New York.

Christensen, B., Fink, J., Merrifield, R.B. and Mauzerall, D. (1988) Channel-forming properties

158



of cecropins and related model compounds Incorporated into planar lipid membranes. 

Proceedings of the National Academy of Sciences, USA 85:5072-5076.

Cleveland, T.E., Thornburg, R.W. and Ryan, C.A. (1987) Molecular characterization of a 

wound-inducible inhibitor 1 gene from potato and the processing of its mRNA and protein. 

Plant Molecular Biology 8:199-207.

Cohen, S.N., Chang, A.C.Y. and Hsu, L. (1972) Nonchromosomal antibiotic resistance in 

bacteria: Genetic transformation of Escherichia coll by R-factor DNA. Proceedings o f the 

National Academy of Sciences, USA 69:2110

Condit, C.M. and Meagher, R.B. (1986) A gene encoding a novel glyclne-rich structural 

protein of petunia. Nature 323:178-181.

Corbin, D.R., Sauer, N. and Lamb, C.J. (1987) Differential regulation of a hydroxyproline-rich 

glycoprotein gene family In wounded and infected piants. Molecular and Cellular Biology 

7:4337-4344.

Cornelissen, B.J.C., Hooft van Huijsduijnen, R.A.M. and Bol, J.F. (1986) A tobacco mosaic 

virus-induced tobacco protein is homologous to the sweet-tasting protein thaumatin. Nature 

321:531-532.

Covey, S.N. and Hull, R. (1981) Transcription of cauliflower mosaic virus DNA - detection of 

transcripts and location of the gene encoding the virus inciusion body protein. Virology 

111:463-477.

Cramer, C.L., Edwards, K., Dron, M., Liang, X., Diidine, S.L., Bolwell, G.P., Dixon, R.A., Lamb,

C.J. and Schuch, W. (1989) Phenylalanine ammonia-lyase gene organization and structure. 

Plant Molecular Biology 12:367-383.

Cregg, J.M., Tschopp, J.F., Stillman, C., Siegel, R., Akong, M., Craig, W.S., Buckholz, R.G., 

Madden, K.R., Kellaris, P.A., Davis, G.R., Smiiey, B.L., Cruze, J., Torregrossa, R., Veliçeiebi,

159



G. and Thill, G.P. (1987) High-level expression and efficient assembly of hepatitis B surface 

antigen in the methylotrophic yeast, Pichia pastoris. Bio/Technology 5:479-485.

Crowell, D.N. and Amasino, R.M. (1991) Nucleotide sequence of an iron superoxide 

dismutase complementary DNA from soybean. Plant Physiology 96:1393-1394.

Crowell, D.N., John, M.E., Russsell, D. and Amasino, R.M. (1992) Characterization of a stress- 

induced, developmentally reguiated gene family from soybean. Plant Molecular Biology 

18:459-466.

Dangl, J.L., Hahlbrock, K. and Schell, J. (1989) Regulation and structure of chalcone 

synthase genes. In Cell culture and somatic cell genetics of plants , ed. by Vasil, I.K. and 

Schell, J. Academic Press, San Diego, California, pp 159-174.

Darvill, A. G. and Albersheim, P. (1984) Phytoalexins and their elicitors-a defense against 

microbial infection In plants. Annual Reviews of Plant Physiology 35:243-275.

De Block, M., Botterman, J., Vandewiele, M., Docl(x, J., Thoen, C., Gosselé, V., Movva, N.R., 

Thompson, C., van Montagu, M. and Leemans, J. (1987) Engineering herbicide resistance in 

plants by expression of a detoxifying enzyme. European Molecular Biology Organisation 

Journal 6:2513-2518.

Debleare, R., Bytebier, B., De Greve, H., Schell, J., van Montagu, M. and Leemans, J. (1985) 

Efficient octopine Ti plasmid-derived vectors for Agrobacterium -mediated gene transfer to 

plants. Nucleic Acids Research 13:4777-4788.

De Lorenzo, G., RanuccI, A., Belllncampi, D., Saivi, G. and Cervone, F. (1987) Elicitation of 

phenylalanine ammonia-lyase in Caucus carota by oligogalacturonides reieased from sodium 

polypectate by homogeneous polygalacturonase. Plant Science 51:147-150.

Destefano-Beltran, L., Nagpala, P.G., Cetiner, M.S., Dodds, J.H. and Jaynes, J.M. (1990) 

Enhancing bacterial and fungal disease resistance in plants: application to potato. In The

160



Molecular and Cellular Biology of the Potato. Ed. by Vayda, M.E. and Park, W.D., C.A.B. 

International.

Devereux, J., Haeberll, P. and Smithies, O. (1983) A comprehensive set of sequence analysis 

programs for the VAX. Nucleic Adds Research 12:387-395.

Digan, M.E., Lair, S.V., Brierley, R.A., Siegel, R.S., Williams, M.E., Ellis, S.B., Kellaris, P.A., 

Provow, S.A., Craig, W.S., Veliçeiebi, G., Harpold, M.M. and Thill, G.P. (1989) Continuous 

production of a novel lysozyme via secretion from the yeast, PIchIa pastoris. Blo/Technology 

7:160-164.

Dixon, R.A. and Harrison, M.J. (1990) Activation, structure, and organization of genes 

involved in microbial defense In plants. Advances In Genetics 28:165-234.

Dixon, D.C., and Cutt, J.R. and Klessig, D.F. (1991) Differential targeting of the tobacco PR-1 

pathogenesis-related proteins to the extracellular space and vacuoles of crystal idioblasts. 

European Molecular Biology Organisation Journal 10:1317-1324.

Doerner, P.W., Stermer, B., Schmid, J., Dixon, R.A. and Lamb, C.J. (1990) Plant defense 

gene promoter-reporter gene fusions in transgenic plants: tools for identification of novel 

inducers. Blo/Technology8:845-848.

Doke, N. (1983) Generation of superoxide anion by potato tuber protoplasts during the 

hypersensitive response to hyphal wall components of Phytophthora Infestans and specific 

inhibition of the reaction by suppressors of hypersensitivity. Physiological Plant Pathology 

23:359-367.

Doke, N. and Ohashi, Y. (1988) Involvement of an C^" generating system in the induction of

necrotic lesions on tobacco leaves infected with tobacco mosaic virus. Physiological and 

Molecular Plant Pathology 32:163-175.

Dougias, C., Hoffmann, H., Schulz, W. and Hahlbrock, K. (1987) Structure and elicltor or u.v.-

161



light-stimulated expression of two 4-coumarate: CoA llgase genes In parsley. European 

Molecular Biology Organisation Journal 6:1189-1195.

Draper, J., Scott, R., Armitage, P. and Walden, R. (1988) Plant Genetic Transformation and 

Gene Expression, a Laboratory Manual. Blackwell Scientific Publications.

Dron, M., Clouse, S.D., Dixon, R.A., Lawton, M.A. and Lamb, C.J. (1988) Giutathione and 

fungal elicltor regulation of a plant defense gene promoter In electroporated protoplasts. 

Proceedings of the National Academy of Sciences USA 85:6738-6742.

During, K., Porsch, P., Fladung, M. and Lorz, H. (1993) Transgenic potato plants resistant to 

the phytopathogenic bacterium Erwlnia carotovora. The Plant Journal 3:587-598.

Dyer, W.E., Henstrand, J.M., Handa, A.K. and Herrmann, K.M. (1989) Wounding induces the 

first enzyme of the shikimate pathway in Solanaceae. Proceedings of the National Academy 

of Sciences USA 86:7370-7373.

Ecker, J.R. and Davis, R.W. (1987) Plant defense genes are regulated by ethylene. 

Proceedings of the National Academy of Sciences USA 84:5202-5206.

Edwards, R., Blount, J.W. and Dixon, R.A. (1991) Glutathione and elicitation of the 

phytoalexin response in legume cell cultures. Planta 184:403-409.

Elkind, Y., Edwards, R., Mavandad, M., Hedrick, S.A., Ribak, O., Dixon, R.A. and Lamb, C.J.

(1990) Abnormal plant development and down-regulation of phenylpropanoid biosynthesis in 

transgenic tobacco containing a heterologous phenylalanine ammonia-lyase gene. 

Proceedings of the National Academy of Sciences USA 87:9057-9061.

Elstner, E.F. (1982) Oxygen activation and oxygen toxicity. Annual Reviews of Plant 

Physiology 33:73-96.

Enyedi, A.J., Yalpani, N., Silverman, P. and Raskin, I. (1992) Signal molecules In systemic

162



plant resistance to pathogens and pests. Cell 70:879-886.

Epperlein, M.M., Noronha-Dutra, A.A. and Strange, R.N. (1986) Involvement of the hydroxyl 

radical In the abiotic elicitation of phytoalexins in legumes. Physiological and Molecular Plant 

Pathology 28:67-77.

Ernst, J.F. (1988) Codon usage and gene expression. Trends In BloTechnology 6:196-199.

Fang, R-X., Nagy, F., Sivasubramaniam, S. and Chua, N-H. (1989) Multiple cIs regulatory 

elements for maximal expressiorhpf the cauliflower mosaic virus 35S promoter in transgenic 

plants. The Plant Cell 1:141-150.

Farmer, E.E. and Ryan, C.A. (1990) Interplant communication: Airborne methyl jasmonate 

induces synthesis of proteinase inhibitors in plant leaves. Proceedings of the National 

Academy of Sciences USA 87:7713-7716.

Farmer, E.E., Moloshok, T.D., Saxton, M.J. and Ryan, C.A. (1991) Oligosaccharide signalling 

in plants. Journal of Biological Chemistry 266:3140-3145.

Farmer, E.E., Johnson, R.R. and Ryan, C.A. (1992) Regulation of expression of proteinase 

inhibitor genes by methyl jasmonate and jasmonic acid. Plant Physiology 98:995-1002.

Farmer, E.E. and Ryan, C.A. (1992) Octadecanoid precursors of jasmonic acid activate the 

synthesis of wound-inducible proteinase Inhibitors. ThePlantCell 4:129-134.

Fehér, A., Skryabin, K.G., Balâzs, E., Preiszner, J., Shulga, O.A., Zakharyev, V.M. and Dudits,

D. (1992) Expression of PVX coat protein gene under the control of extensin-gene promoter 

confers virus resistance on transgenic potato plants. Plant Cell Reports 11:48-52.

Felnberg, A.P. and Vogelstein, B. (1984) A technique for radiolabelling DNA restriction 

endonuclease fragments to high specific activity. Anals of Biochemistry 137:266-267.

163



Fieschko, J.C., Egan, K.M., Ritch, T., Koski, R.A., Jones, M. and Bitter, G.A. (1987) 

Controlled expression and purification of human immune interferon from high-cell density 

fermentations of Saccharomyces cerevisiae. Biotechnology and Bioengineering 29:113- 

121.

Fioroni, O.M. (1989). Gene expression in cultured cells. PhD thesis, Leicester University.

Fischhoff, D.A., Bowdish, K.S., Perlak, F.J., Marrone, P.G., McCormick, S.M., Niedermeyer, 

J.G., Dean, D.A., Kusano-Kretzmer, K., Mayer, E.J., Rochester, D.E., Rogers, S.G. and 

Fraley, R.T. (1987) Insect tolerant transgenic tomato plants. Blo/Technology 5:807-8^3.

Flor, H.H. (1942) Inheritance of pathogenicity in Melampsora llnl. Phytopathology 32:653- 

669.

Frendo, P., Didierjean, L., Passelegue, E. and Burkard, G. (1992) Abiotic stresses induce a 

thaumatin-like protein in maize; cDNA isolation and sequence anaiysis. Plant Science 85:61 - 

69.

Fridovich, I. (1986) Superoxide dismutases. Advances In Enzymology 58:61-97.

Fritig, B., Kauffmann, S., Dumas, B., Geoffroy, P., Kopp, M. and Legrand, M. (1987) 

Mechanism of the hypersensitivity reaction of plants. In Plant resistance to viruses. Wiley, 

Chichester (Ciba Foundation Symposium 133) p92-108.

Gabriel, D.W. and Rolfe, B.G. (1990) Working models of specific recognition in piant-microbe 

interactions. Annual Reviews of Phytopathology 28:365-391.

Gadani, F., Mansky, L.M., Medici, R., Miller, W.A. and Hill, J.H. (1990) Genetic engineering of 

plants for virus resistance. Archives of Virology 115:1-21.

Galiazzo, F., Ciriolo, M.R., Carri, M.T., Civitareale, P., Marcocci, L , Marmocchi, F. and Rotilio, G.

(1991) Activation and induction by copper of Cu/Zn superoxide dismutase in

164



Saccharomyces cerevisiae . Presence of an inactive proenzyme in anaerobic yeast. 

European Journal of Biochemistry 196:545-549.

Gallie, D.R., Sleat, D.E., Watts, J.W., Turner, P.C. and Wiison, T.M.A. (1987a) The 5’-leader 

sequence of tobacco mosaic virus RNA enhances the expression of foreign gene transcripts 

In vitro and In vivo. Nucleic Acids Research 15:3257-3273.

Gallie, D.R., Sleat, D.E., Watts, J.W., Turner, P.C. and Wilson, T.M.A. (1987b) A comparison of 

eukaryotic viral 5’-leader sequences as enhancers of mRNA expression In vivo. Nucleic 

Acids Research 15:8693-8711.

Gallie, D.R., Sleat, D.E., Watts, J.W., Turner, P.C. and Wilson, T.M.A. (1988) Mutational 

analysis of the tobacco mosaic virus 5’-leader for altered ability to enhance translation. 

Nucleic Acids Research 16:883-893.

Gerlach, W.L., Llewellyn, D. and Haseloff, J. (1987) Construction of a plant disease resistance 

gene from the satellite RNA of tobacco ringspot virus. Nature 328:802-805.

Gianinazzi, S. (1984) Genetic and molecular aspects of resistance induced by infections or 

chemicals. In Plant-Mlcrobe Interactions, volume I, edited by T. Kosuge and E.W. Nester. 

Macmillan Publishing Company, pp321-342.

Gibbs, L. and Shaffer, J. (1990) Nucleotide sequence of bovine copper/zinc superoxide 

dismutase cDNA generated by the polymerase chain reaction. Nucleic Acids Research 

18:7171.

Gierasch, L.M. (1989) Signal sequences. Biochemistry 28:923-930.

Godiard, L., Froissard, D., Fournier, J., Axelos, M. and Marco, Y. (1991) Differential regulation 

in tobacco cell suspensions of genes involved in plant-bacteria interactions by pathogen- 

related signals. Plant Molecular Biology 17:409-413.

165



Graham, U.S., Pearce, G., Merryweather, J., Titani, K., Ericsson, L. and Ryan, C.A. (1985a) 

Wound-induced proteinase inhibitors from tomato leaves. Journal of Biological Chemistry 

260:6555-6566.

Graham, U.S., Pearce, G., Merryweather, J., Titani, K., Ericsson, L.H. and Ryan, C.A. (1985b) 

Wound-induced proteinase inhibitors from tomato ieaves. Journal of Biological Chemistry 

260:6561-6564.

Greco, M.A., Hrab, D.I., Magner, W. and Kosman, D.J. (1990) Cu,Zn superoxide dismutase 

and copper deprivation and toxicity in Saccharomyces cerevisiae. Journal of Bacteriology 

172:317-325.

Grimes, H.D., Koetje, D.S. and Franceschi, V.R. (1992) Expression, activity, and cellular 

accumulation of methyl jasmonate-responsive lipoxygenase in soybean seedlings. Plant 

Physiology 100:433-443.

Grosset, J., Marty, I., Chartier, Y. and Meyer, Y. (1990) mRNAs newly synthesized by tobacco 

mesophyll protoplasts are wound-inducible. Plant Molecular Biology 15:485-496.

Hahlbrock, K. and Scheel, D. (1989) Physiology and molecular biology of phenylpropanoid 

metabolism. Annual Reviews of Plant Physiology and Plant Molecular Biology 40:347-369.

Ham, K-S., Kauffmann, S., Albersheim, P. and Darvill, A.G. (1991) A soybean pathogenesis- 

related protein with p-1,3-giucanase activity releases phytoalexin elicitor-active heat-stable 

fragments from fungal walls. Molecular Plant-Mlcrobe Interactions 4:545-552.

Hansen, J.D. and Hannapel, D.J. (1992) A wound-inducible potato proteinase inhibitor gene 

expressed in non-tuber-bearing species is not sucrose inducibie. Plant Physiology 100:164- 

169.

Harikrishna, K. (1989) A molecular study of dedifferentiation and cell cycle reactivation in 

mechanically isolated asparagus cells. PhD thesis, Leicester University.

166



Harikrishna, K., Paul, E., Darby, R. and Draper, J. (1991) Wound response In mechanically 

Isolated asparagus mesophyll cells: a model monocotyledon system. Journa l o f 

Experimental Botany 42:791 -799.

Harikrishna, K., Darby, R. and Draper, J. (1992) Chloropiast dedifferentiation in mechanically 

isolated asparagus cells during culture initiation. Plant Physiology 100:1177-1183.

Harrison, B.D., Mayo, M.A. and Baulcombe, D.C. (1987) Virus resistance in transgenic plants 

that express cucumber mosaic viurs satellite RNA. Nature 328:799-802.

Hashimoto, T., Yamada, T., Tada, A., Kawamata, S., Tanaka, Y., Sriprasertsak, P., Ichinose, Y. 

Kato, H., Izutsu, S., Shiraishi, T., Oku, H. and Ohtsuki, Y. (1992) Transient expression in 

electroporated pea protoplasts: elicltor responsiveness of a phenylalanine ammonia-lyase 

promoter. Plant Cell Reports 11:183-187.

Hassan, H.M. (1989) Microbial superoxide dismutases. Advances in Genetics 26:65-97.

Hedrick, S.A., Bell, J.N., Boiler, T. and Lamb, C.J. (1988) Chitlnase cDNA cloning and mRNA 

induction by fungal elicltor, wounding, and infection. Plant Physiology 86:0182-0186.

Hellers, M., Gunne, H. and Steiner, H. (1991) Expression and post-translational processing of 

preprocecropin A using a baculovirus vector. European Journal of Biochemistry 199:435- 

439.

Hernalsteens, J-P., Van Vliet, P., De Beuckeleer, M., Depicker, A., Engler, G., Lemmers, M., 

Holsters, M., Van Montagu, M. and Schell, J. (1980) The Agrobacterium tumefaclens T\ 

plasmid as a host vector system for introducing foreign DNA in plant cells. Nature 287:654- 

656.

Herrmann, A., Schulz, W. and Hahlbrock, K. (1988) Two alleles of the single-copy chalcone 

synthase gene in parsley differ by a transposon-like element. Molecular and General 

Genetics 212:93-98.

167



Milder, V.A., Gatehouse, A.M.R., Sheerman, S.E., Barker, R.F. and Boulter, D.A. (1987) A 

novel mechanism of insect resistance engineered into tobacco. Nature 330:160-163.

Milder, V.A. and Gatehouse, A.M.R. (1991) Phenotypic cost to plants of an extra gene. 

Transgenic Research 1:54-60.

Hills, M.J. (1986) Photosynthetic characteristics of mesophyll cells isolated from cladophylls of 

Asparagus officinalis L. Pianta 169:38-45.

Hindges, R. and Slusarenko, A. (1992) cDNA and derived amino acid sequence of a cytosolic 

Cu,Zn superoxide dismutase from Arabidopsis thaliana (L.) Heyhn. Plant Molecular Biology 

18:123-125.

Hitzeman, R.A., Leung, D.W., Perry, L.J., Kohr, W.J., Levine, H.L. and Goeddel, D.R. (1983) 

Secretion of human interferon by yeast. Science 219:620-625.

Hoekema, A., Hirsch, P.R., Hooykaas, P.J.J. and Schilperoort, R.A. (1983) A binary piant 

vector strategy based on separation of vir and T-region of the A. tumefaclens Ti-plasmid. 

Nature 303:179-180.

Hoekema, A., Kastelstein, R.A., Vasser, M. and de Boer, H.A. (1987) Codon replacement in 

the PGK1 gene of Saccharomyces cerevisiae: experimental approach to study the role of 

biased codon usage in gene expression. Molecular and General Genetics 7:2914-2924.

Hoffmann, W., Sterrer, S. and Koenigstorfer, A. (1988) Amino acid sequence 

microheterogeneities of a type I cytokeratin of Mr 51000 from Xenopus laevis epidermis. 

FEBS Letters 237:178-182.

Hong, J.C., Hagao, R.T. and Key, J.L. (1987) Characterization and sequence analysis of a 

developmentally regulated putative ceil wall protein gene isolated from soybean. Journal of 

Biological Chemistry 262:8367-8376.

168



Hultmark, D., Engstrôm, A., Andersson, K., Steiner, H., Bennich, H. and Boman, H.G. (1983) 

Insect immunity. Attacins, a famiiy of antibacterial proteins from Hyalophora cecropia. 

European Molecular Biology Organisation Journal 2:571-576.

Hwang, B., Yoon, J., Ibenthal, W. and Heitefuss, R. (1991) Soluble proteins, esterases and 

superoxide dismutase in stem tissue of pepper plants in relation to age-related resistance to 

Phytophthora capslcl. Journal of Phytopathology 132:129-138.

levinsh, G. (1992) Solubie lipoxygenase activity in rye seedlings as reiated to endogenous 

and exogenous ethyiene and wounding. Plant Science 82:155-159.

Ikemura, T. (1982) Correlation between the abundance of yeast transfer RNAs and the 

occurrence of the respective codons in protein genes. Journal o f Molecular Biology 

158:573-597.

Ingold, C.T. (1984) The Biology of Fungi. Fifth edition, Hutchinson & Co. Ltd.

Isin, S.H., Burke, J.J. and Allen, R.D. (1990) Sequence divergence of pea Cu/Zn superoxide 

dismutase II cDNAs. Plant Molecular Biology 15:789-791.

Itakura, K., Rossi, J.J. and Wallace, R.B. (1984) Synthesis and use of synthetic 

oligonucleotides. Annual Reviews of Biochemistry 53:323-356.

Ito, H., Fukuda, Y., Murato, K. and Kimura, A. (1983) Transformation of intact yeast cells 

treated with alkali cations. Journal of Bacteriology 153:163-168.

Jacobs, K.A., Rudersdorf, R., Neill, S.D., Dougherty, J.P., Brown, E.L. and Fritsch, E.F.

(1988) The thermal stability of oligonucleotide duplexes is sequence independent in 

tetraalkylammonium salt solutions: application to identifying recombinant DNA clones. 

Nucleic Acids Research 16:4637-4650.

Jakobek, J.L. and LIndgren, P.B. (1993) Generalised induction of defence responses in bean

169



is not correlated with the induction of the hypersensitive reaction. The Plant Cell 5:49-56.

Jaynes, J.M., Xanthopoulos, K.G., Destéfano-Beltrân, L. and Dodds, J.H. (1987) Increasing 

bacterial disease resistance in plants utilizing antibacterial genes from insects. BloEssays 

6:263-270.

Jefferson, R.A., Burgess, S.M. and Hirsh, D. (1986) p-Glucuronidase from E. coll as a gene 

fusion marker. Proceedings of the National Academy of Sciences USA 83:8447-8451.

Jefferson, R.A., Kavanagh, T.A. and Bevan, M.W. (1987) GUS fusions: p-giucuronidase as a 

sensitive and versatile gene fusion marker in higher plants. European Molecular Biology 

Organisation Journal 6:3301-3307.

Johnson, R., Nan/aez, J., An, G. and Ryan, 0. (1989) Expression of proteinase inhibitors I and 

II in transgenic tobacco plants: effects on natural defense against Manduca sexta larvae. 

Proceedings of the National Academy of Sciences USA 86:9871-9875.

Johnson, R. and Ryan, C.A. (1990) Wound-inducible potato Inhibitor li genes: enhancement 

of expression by sucrose. Plant Molecular Biology 14:527-536.

Jullien, M. and Guern, J. (1979) Induction de la division cellulaire et croissance des 

populations de cellules separees du parenchyme foliaire chez Asparagus officinalis L. i. 

Aspects cinétiques et influence de la nutrition azotee. Physiology of Vegetation 17:445- 

456.

Kagan, B.L, Seisted, M.E., Ganz, T. and Lehrer, R.l. (1990) Antimicrobial defensin peptides 

form voltage-dependent ion-permealbe channels in planar lipid bilayer membranes. 

Proceedings of the National Academy of Sciences USA 87:210-214.

Kanematsu, S. and Asada, K. (1990) Characteristic amino acid sequences of chloropiast and 

cytosol isozymes of CuZn-superoxide dismutase in spinach, rice and horsetail. Plant and 

Cell Physiology 31:99-112.

170



Kauffmann, S., Legrand, M., Geoffroy, P. and Fritig, B. (1987) Biological function of 

‘pathogenesis-related’ proteins: four PR proteins of tobacco have 1,3-p-giucanase activity. 

European Molecular Biology Organisation Journal 6:3209-3212.

Kauss, H., Theisinger-Hinkel, E., Mindermann, R. and Conrath, U. (1992) Dichloroisonicotinic 

and salicylic acid, inducers of systemic assquired resistance, enhance fungal elicltor 

responses in parsley cells. The Plant Journal 2:655-660.

Kay, S.A., Keith, B., Shinozaki, K., Chye, M-L. and Chua, N-H. (1989) The rice phytochrome 

gene: structure, autoregulated expression, and binding of GT-1 to a conserved site in the 5" 

upstream region. The Plant Cell 1:351-360.

Keil, M., Sanchez-Serrano, J., Schell, J. and Willmitzer, L. (1990) Localization of elements 

important for the wound-inducible expression of a chimeric potato proteinase inhibitor li-CAT 

gene in transgenic tobacco plants. The Plant Cell 2:61-70.

Keller, B., Sauer, N. and Lamb, C.J. (1988) Glycine-rich cell wall proteins in bean: gene 

structure and association of the protein with the vascular system. European Molecular 

Biology Organisation Journal 7:3625-3633.

Keller, B. and Lamb, C.J. (1989) Specific expression of a novel cell wall hydroxyproline-rich 

glycoprotein gene in lateral roots initiation. Genes and Development 3:1639-1646.

Keller, B., Schmid, J. and Lamb, C.J. (1989a) Vascular expression of a bean cell wall glycine- 

rich protein - p-glucuronidase gene fusion in transgenic tobacco. European Molecular 

Biology Organisation Journal 8:1309-1314.

Keller, B., Templeton, M.D. and Lamb, C.J. (1989b) Specific localisation of a plant cell wall 

glycine-rich protein in protoxyiem cells of the vascular system. Proceedings of the National 

Academy of Sciences USA 86:1529-1533.

Keohavong, P. and Thilly, W. (1989) Fidelity of DNA polymerases in DNA ampiification.

171



Proceedings of the National Academy of Sciences USA 86:9253-9257.

Kerby, K. and Somerville, S.G. (1992) Purification of an infection-related, extracellular 

peroxidase from barley. Plant Physiology 100:397-402.

KieliszewskI, M.J., Kamyab, A., Leykam, J.F. and Lamport, D.T.A. (1992) A histldlne-rich 

extensin from Zea mays is an arabinogalactan protein. Plant Physiology 99:538-547.

Kim, S-R., Choe, J-L., Costa, M.A. and An, G. (1992) Identification of G-box sequence as an 

essential element for methyl jasmonate response of potato proteinase inhibitor II promoter. 

Plant Physiology 99:627-631.

Koch, E., Meier, B.M., Eiben, H-G. and Slusarenko, A. (1992) A lipoxygenase from leaves of 

tomato (Lycoperslcon esculentum Mill.) Is Induced in response to plant pathogenic 

Pseudomonads. Plant Physiology 99:571 -576.

Kombrink, E., Schroder, M. and Hahlbrock, K. (1988) Several “pathogenesis-related” 

proteins in potato are 1,3-p-glucanases and chitinases. Proceedings of the National 

Academy of Sciences USA 85:782-786.

Kotula, L. and Curtis, P.J. (1991) Evaluation of foreign gene codon optimisation in yeast: 

Expression of a mouse IG kappa chain. Biotechnology 9:1386-1389.

Kuc, J. and Rush, J.S. (1985) Phytoaiexins. Archives of Biochemistry and Biophysics 

236:455-472.

Kumagai, M.H., Shah, M., Terashima, M., Vrklljan, Z., Whitaker, J.R. and Rodriguez, R.L. 

(1990) Expression and secretion of rice a-amylase by Saccharomyces cerevisiae. Gene 

94:209-216.

LaRosa, P.C., Chen, Z., Nelson, D.E., Singh, N.K., Hasegawa, P.M. and Bressan, R.A. (1992) 

Osmotin gene expression is posttranscriptionally regulated. Plant Physiology 100:409-415.

172



Lee, J.Y., Boman, A., Chuanxin, S., Andersson, M., Jôrnvall, H., Muü, V. and Boman, H.G. 

(1989) Antibacterial peptides from pig intestine: Isolation of a mammalian cecropin. 

Proceedings of the National Academy of Sciences USA 86: 9159-9162.

Legendre, L., Rueter, S., Heinstein, P.P. and Low, P.S. (1993) Characterization of the 

oligogalacturonide-induced oxidative burst in cultured soybean {Qlyclne max ) cells. Plant 

Physiology 102:233-240.

Legrand, M., Kauffmann, S., Geoffroy, P. and Fritig, B. (1987) Biological function of 

pathogenesis-related proteins: Four tobacco pathogenesis-related proteins are chitinases. 

Proceedings of the National Academy of Sciences USA 84:6750-6754.

Lehrach, H., Diamond, D., Wozney, J.M. and Boedtker, H. (1977) RNA molecular weight 

determinations by gel electrophoresis under denaturing conditions, a critical reexamination. 

Biochemistry 16:4743-4751.

Leicester Biocentre Manual. This was a manual compiled principally by Dr. Alan Mlleham of 

methods routinely used at the Leicester Biocentre, Leicester University.

Lewis, N.G. and Yamamoto, E. (1990) Lignin: occurrence, biogenesis and biodégradation. 

Annual Reviews of Plant Physiology and Plant Molecular Biology 41:455-496.

Li, Z., Merrifield, R.B., Boman, I .A. and Boman, H.G. (1988) Effects on electrophoretic mobility 

and antibacterial spectrum of removal of two residues from synthetic sarcotoxin lA and 

addition of the same residues to cecropin B. FEBS letters 231:299-302.

Lidholm, D.A., Gudmundsson, G.H., Xanthopoulos, K.G. and Boman, H.G. (1987) Insect 

Immunity: cDNA clones coding for the precursor forms of cecropins A and D, antibacterial 

proteins from Hyalophora cecropia. FEBS letters 226: 8-12.

Lindsey, K. (1992) Genetic manipulation of crop plants. Journal of Biotechnology 26:1-28.

173



Linthorst, Melchers, L.S., Mayer, A., van Roekel, J.S.C., Cornelissen, B.J.C. and Bol,

J.F. (1990) Analysis of gene families encoding acidic and basic p-1,3-glucanases of tobacco. 

Proceedings of tfie National Academy of Sciences USA 87:8756-8760.

Linthorst, H.J.M., Brederode, F.T., van der Does, C. and Bol, J.F. (1993) Tobacco proteinase 

inhibitor I genes are locally, but not systemically Induced by stress. Plant Molecular Biology 

21:985-992.

Lissemore, J.L. and Quail, P.M. (1988) Rapid transcriptional regulation by phytochrome of the 

genes for phytochrome and chlorophyll a/b-binding protein in Avena satlva. Molecular and 

Cellular Biology 8:4840-4850.

Logemann, J., Mayer, J.E., Schell, J. and Willmitzer, L. (1988) Differential expression of 

genes In potato tubers after wounding. Proceedings of the National Academy of Sciences 

USA 85:1136-1140.

Logemann, J., Lipphardt, S., Lorz, H., Hâuser, I., Willmitzer, L. and Schell, J. (1989) 5’ 

Upstream sequences from the wun1 gene are responsible for gene activation by wounding 

in transgenic plants. ThePlantCell 1:151-158.

Logemann, J. and Schell, J. (1989) Nucleotide sequence and regulated expression of a 

wound-inducible potato gene (wun1). Molecular and General Genetics 219:81-88.

Lois, R., Dietrich, A., Hahlbrock, K. and Schulz, W. (1989) A phenylalanine ammonia-lyase 

gene from parsley: structure, regulation and identification of elicitor and light responsive c/s - 

acting elements. European Molecular Biology Organisation Journal 8:1641-1648.

Loschen, G., Azzi, A., Richter, C. and Fiché, L. (1974) Superoxide radicals as precursors of 

mitochondrial hydrogen peroxide. FEBS Letters 42:68-72.

Lotan, T., Ori, N. and Fluhr, R. (1989) Pathogenesis-related proteins are developmentally 

regulated in tobacco fiowers. ThePlant Cell 1:881-887.

174



Lotan, T. and Fluhr, R. (1990) Xylanase, a novel elicitor of pathogenesis-related proteins in 

tobacco, uses a non-ethyiene pathway for induction. Plant Physiology 93:811-817.

Lund, B. (1983) Bacterial Spoilage. In Post-Harvest Pathology of Fruits and Vegetables. Ed. 

C. Dennis. Academic Press, London, pp 219-257.

Lund, P. and Dunsmuir, P. (1992) A plant signal sequence enhances the secretion of bacterial 

ChiA in transgenic tobacco. Plant Molecular Biology 18:47-53.

Lyon, G. (1989) The biochemical basis of resistance of potatoes to soft rot Erwlnia spp.- a 

review. Plant Pathology 38:313-339.

Malamy, J., Carr, J.P., Klessig, D.F. and Raskin, I. (1990) Saiicylic acid: A likely endogenous 

signal in the resistance response of tobacco to viral infection. Science 250:1002-1004.

Malamy, J., Hennig, J. and Klessig, D.F. (1992) Temperature-dependent induction of salicylic 

acid and its conjugates during the resistance response to tobacco mosaic virus infection. 

The Plant Cell 4:359-366.

Malamy, J. and Klessig, F. (1992) Salicylic acid and plant disease resistance. The Plant 

Journal 2:643-654.

Manners, J.G. (1982) Principles of Plant Pathology. Cambridge University Press.

Marcus, A., Greenberg, J. and Averyhart-Fullard, V. (1991) Repetitive proline-rich proteins in 

the extracellular matrix of the plant cell. Physlologica Plantarum 81:273-279.

Matters, G.L. and Scandalios, J.G. (1986) Effect of the free radical-generating herbicide 

paraquat on the expression of the superoxide dismutase (Sod) genes in maize. Blochlmica 

et Blophysica Acta 882:29-38.

Matton, D.P. and Brisson, N. (1989) Cloning, expression and sequence conservation of

175



pathogenesis-related gene transcripts of potato. Molecular Plant - Microbe Interactions 

2:325-331.

Mauch, P., Mauch-Mani, B. and Boiler, T. (1988) Antlfungal hydrolases in pea tissue II. 

Inhibition of fungal growth by combinations of chitlnase and p-1,3-glucanase. Plant 

Physiology 88:936-942.

Mauch, F. and Staehelin, L.A. (1989) Functional Implications of the subceiiular localization of 

ethylene-induced chitlnase and p-1,3-glucanase in bean leaves. The Plant Cell 1:447-457.

Meeley, R.B., Johal, G.S., Briggs, S.P. and Walton, J.D. (1992) A biochemical phenotype for a 

disease resistance gene of maize. The Plant Cell 4:71 -77.

Mehdy, M.C. and Lamb, C.J. (1987) Chalcone isomerase cDNA cloning and mRNA induction 

by fungal elicitor, wounding and infection. European Molecular Biology Organisation Journal 

6:1527-1533.

Melchior, W.B. and von Hippel, P.M. (1973) Alteration of the relative stability of dA.dT and 

dG.dC base pairs in DNA. Proceedings of the National Academy of Sciences USA 70:298- 

302.

Mellor, J., Dobson, M.J., Roberts, N.A., Kingsman, A.J. and Kingsman, S.M. (1985) Factors 

affecting heterologous gene expression in Saccharomyces cerevisiae. Gene 33:215-226.

Melior, J., Dobson, M.J., Kingsman, A.J. and Kingsman, S.M. (1987) A transcriptional activator 

is located in the coding region of the yeast PGKgene. Nucleic Adds Research 15:6243- 

6259.

Mohan, R., Bajar, A.M. and Kolattukudy, P.E. (1993) Induction of a tomato anionic peroxidase 

gene {tap1 ) by wounding in ttransgenic tobacco and activation of tap1 /GUS and tap2/GUS 

chimeric gene fusions in transgenic tobacco by wounding and pathogen attack. Plant 

Molecular Biology 21:341 -354.

176



Mouly, A., Rumeau, D. and Esquerré-Tugayé, M-T. (1992) Differential accumulation of 

hydroxyproline-rich glycoprotein transcripts in sunflower plants Infected with Sderotinia 

sderotiorum or treated with oxalic acid. Plant Science 85:51-59.

Mullis, K.B. and Faioona, F.A. (1987) Specific synthesis of DNA In vitro via a polymerase- 

catalysed chain reaction. In Methods In Enzymology volume 155, edited by R. Wu, Academic 

Press Inc. pp 335-350.

Murashige, T. and Skoog, F. (1962) A revised medium for rapid growth and bioassays with 

tobacco tissue cultures. Plant Physiology 15:473-497.

Murray, M.G. and Thompson, W.F. (1980) Rapid isolation of high molecular weight plant DNA. 

Nucleic Adds Research 8:4321 -4325.

Nagata, T. and Takebe, 1. (1971) Plating of isolated tobacco mesophyll protoplasts on agar 

medium. P/anfa 99:12-20.

Nagy, F., Odell, J.T., Morelll, G., Chua, N-H. (1985) Properites of expression of the 35S 

promoter from CaMV in transgenic tobacco plants. In Biotechnology In Plant Science. 

Relevance to Agriculture In the Eighties. Edited by Zaitlin, M., Day, P., Hollaender, A. and 

Wilson, C.M. Academic Press, Inc. pp227-235.

Neill, J.D., LItts, J.C., Anderson, O.D., Greene, F.C. and Stiles, J.l. (1987) Expression of a 

wheat a-gliadin gene in Saccharomyces cerevisiae. Gene 55:303-317.

Nelson, R.S., Abel, P.P. and Beachy, R.N. (1987) Lesions and virus accumulation in 

inoculated transgenic tobacco plants expressing the coat protein gene of tobacco mosaic 

virus. Virology ^58A26-^\32.

Nordeen, R.O., Sinden, S.L., Jaynes, J.M. and Owens, L.D. (1992) Activity of cecropin SB37 

against protoplasts from several plant species and their bacterial pathogens. Plant Science 

82:101-107.

177



Nothnagel, E.A., McNeil, M., Albersheim, P. and Dell, A. (1983) A galacturonic acid 

oligosaccharide from plant-cell walls elicits phytoaiexins. Plant Physiology 71:916-926.

Novel, G. and Novel, M. (1973) Mutants of E. coll K12 unable to grow on methyl-p-D- 

glucuronide: Map location of uid A locus of the structural gene of p-D-glucuronidase. 

Molecular and General Genetics 120:319-335.

Odell, J.T., Knowlton, S., Lin, W. and Mauvais, C.J. (1988) Properties of an isolated 

transcription stimulating sequence derived from the cauliflower mosaic virus 35S promoter. 

Plant Molecular Biology 10:263-272.

Ohtsuka, E., Matsuk, S., Ikehara, M., Takahashi, Y. and Matsubara, K. (1985) An alternative 

approach to deoxyoligonucleotides as hybridization probes by insertion of deoxyinosine at 

ambiguous codon positions. Journal of Biological Chemistry 260:2605-2608.

Overbeeke, N. (1989) Synthesis and processing of thaumatin in yeast. In Yeast Genetic 

Engineering, ed. by Barr, P.J., Brake, A.J. and Valenzuela, P. Butterworth Publishers (Reed 

Publishing inc., USA). pp305-318.

Palm, C.J., Costa, M.A., An, G. and Ryan, C.A. (1990) Wound-inducible nuclear protein binds 

DNA fragments that regulate a proteinase inhibitor II gene from potato. Proceedings of the 

National Academy of Sciences USA 87:603-607.

Paul, E., Harikrishna, K., Fioroni, O. and Draper, J. (1989) Dedifferentiation of Asparagus 

officinalis L. mesophyll cells during initiation of cell cultures. Plant Science 65:111-117.

Payne, G., Ahl, P., Moyer, M., Harper, A., Beck, J., Meins, F. and Ryals, J. (1990) Isolation of 

complementary DNA clones encoding pathogenesis-related proteins P and Q, two acidic 

chitinases from tobacco. Proceedings of the National Academy of Sciences USA 87:98-102.

Pearce, G., Strydom, D., Johnson, S. and Ryan, C.A. (1991) A polypeptide from tomato 

leaves induces wound-inducible proteinase inhibitor proteins. Science 253:895-898.

178



Pefta-Cortes, H., Sanchez-Serrano, J.J., Rocha-Sosa, M. and Willmitzer, L. (1988) Systemic 

induction of proteinase-inhibitor-ll gene expression in potato piants by wounding. Planta 

174:84-89.

Peha-Cortes, H., Sânchez-Serrano, J.J., Mertens, R., Wilimitzer, L. and Prat, S. (1989) 

Abscisic acid is involved in the wound-induced expression of the proteinase inhibitor II gene 

in potato and tomato. Proceedings of the National Academy of Sciences USA 86:9851- 

9855.

Perl-Treves, R., Nacmias, B., Aviv, D., Zeelon, E.P. and Galun, E. (1988) Isolation of two cDNA 

clones from tomato containing two different superoxide dismutase sequences. Plant 

Molecular Biology 11 -.609-623.

Perl-Treves, R. and Galun, E. (1991) The tomato Cu,Zn superoxide dismutase genes are 

developmentally regulated and respond to light and stress. Plant Molecular Biology 17:745- 

760.

Perlak, F.J., Stone, T.B., Muskopf, Y.M., Petersen, L.J., Parker, G.B., McPherson, S.A., 

Wyman, J., Love, S., Reed, G., Biever, D. and Fischhoff, D.A. (1993) Genetically improved 

potatoes: protection from damage by Colorado potato beetles. Plant Molecular Biology 

22:313-321.

P ierpo int, W.S. (1986) The pathogenesis-re lated prote ins of tobacco leaves. 

Phytochemistry 25:1595-1601.

Pierpoint, W.S., Tatham, A.S. and Papin, D.J.C. (1987) Identification of the virus-induced 

protein of tobacco leaves that resembles the sweet protein thaumatin. Physiology and 

Molecular Plant Pathology 31:291-298.

Rabinowitch, H.D. and Sklan, D. (1980) Superoxide dismutase: a possible protective agent 

against Sunscaid in tomatoes {Lycoperslcon esculentum Mill.). Planta 148:162-167.

179



Rabinowitch, H. and Fridovich, I. (1983) Superoxide radicals, superoxide dismutases and 

oxygen toxicity in plants. Photochemistry and Photobiology 37:679-690.

Raines, C.A., Lloyd, J.C., Chao, S., John, U.P. and Murphy, G.J.P. (1991) A novel proline-rich 

protein from wheat. Plant Molecular Biology 16:663-670.

Raskin, I. (1992) Role of salicylic acid in plants. Annual Reviews of Plant Physiology and 

Plant Molecular Biology 43:439-463.

Raz, V. and Fluhr, R. (1992) Calcium requirement for ethylene-dependent responses. The 

P/anfCe//4:1123-1130.

Ream, L.W. and Gordon, M.P. (1982) Crown gall disease and prospects for genetic 

manipulation of plants. Science 218:854-859.

Reichhart, J.M., Petit, I., Legrain, M., Dimarcq, J.L., Keppi, E., Lecocq, J.P., Hoffmann, J.A. 

and Achstetter, T. (1992) Expression and secretion in yeast of active insect defensin, an 

inducible antibacterial peptide from the fleshfly Phormla terranovae. Invertebrate  

Reproduction and Development 21:15-24.

Reitman, M., Lee, E., Westphal, H. and Felsenfeld, G. (1990) Site-independent expression of 

the chicken p-globin gene in transgenic mice. Nature 348:749-752.

Rickey, T.M. and Belknap, W.R. (1991) Comparison of the expression of several stress- 

responsive genes in potato tubers. Plant Molecular Biology 16:1009-1018.

Roberts, E., Kutchan, T. and Kolattukudy, P.E. (1988) Cloning and sequencing of cDNA for a 

highly anionic peroxidase from potato and the induction of its mRNA in suberizing potato 

tubers and tomato fruits. Plant Molecular Biology 11:15-21.

Roberts, E. and Kolattukudy, P.E. (1989) Molecular cloning, nucleotide sequence, and 

abscisic acid induction of a suberization-associated highly anionic peroxidase. Molecular and

180



General Genetics 217:223-232.

Roby, D., Broglie, K., Cressman, R., Biddle, P., Chet, I. and Broglie, R. (1990) Activation of a 

bean chitinase promoter in transgenic tobacco plants by phytopathogenic fungi. The Plant 

Ce//2:999-1007.

Rogers, K.R., Albert, F. and Anderson, A.J. (1988) Lipid peroxidation is a consequence of 

elicitor activity. Plant Physiology 86:547-553.

Rohde, W., Rosch, K., Krôger, K. and Salamini, F. (1990) Nucleotide sequence of a 

Hordeum vulgare gene encoding a glycine-rich protein with homology to vertebrate 

cytokeratins. Plant Molecular Biology 14:1057-1059.

Rose, M., GrIsafI, P. and Botstein, D. (1984) Structure and function of the yeast URA3 gene: 

expression in Escherichia coll. Gene 29:113-124.

Rothstein, S.J., Lazarus, C.M., Smith, W.E., Baulcombe, D.C. and Gatenby, A.A. (1984) 

Secretion of a wheat a-amylase expressed in yeast. Nature 308:662-665.

Rothstein, S.J., Lahners, K.N., Lazarus, C.M., Baulcombe, D.C. and Gatenby, A.A. (1987) 

Synthesis and secretion of wheat a-amylase In Saccharomyces cerevisiae. Gene 55:353- 

356.

Rumeau, D., Maher, E.A, Kelman, A. and Showalter, A.M. (1990) Extensin and phenylalanine 

ammonia-lyase gene expression altered In potato tubers in response to wounding, hypoxia, 

and Erwlnia carotovora infection. Plant Physiology 93:1134-1139.

Ryan, C.A. (1990) Protease inhibitors in plants: genes for improving defenses against insects 

and pathogens. Annual Reviews of Phytopathology 28:425-449.

Ryan, C.A. and Farmer, E.E. (1991) Oligosaccharide signals In plants: a current assessment. 

Annual Reviews of Plant Physiology and Molecular Biology 42:651 -674.



Ryder, T.B., Hedrick, S.A., Bell, J.N., Liang, X., Clouse, S.D. and Lamb, C.J. (1987) 

Organization and differential activation of a gene family encoding the plant defense enzyme 

chalcone synthase In Phaseolus vulgaris. Molecular and General Genetics 210:219-233.

Ryser, U. and Keller, B. (1992) Ultrastructural localization of a bean glycine-rich protein in 

unlignified primary walls of protoxyiem cells. The Plant Cell 4:773-783.

Sakamoto, A., Ohsuga, H., Wakaura, M., Mitsukawa, N., Hibino, T., Masumura, T., Sasaki, Y. 

and Tanaka, K. (1990) Nucleotide sequence of cDNA for the cytosolic Cu/Zn-superoxide 

dismutase from spinach (Sp/nac/a o/emcea L.) Nucleic Acids Research 18:4923.

Sakamoto, A., Ohsuga, H. and Tanaka, K. (1992) Nucleotide sequences of two cDNA clones 

encoding different Cu/Zn-superoxide dismutases expressed in developing rice seed {Oryza 

satlvaL.). Plant Molecular Biology 19:323-327.

Salin, M.L. and Bridges, S.M. (1981) Chemiluminescence in wounded root tissue. Plant 

Physiology 67:43-46.

Sambrook, J., Fritsh, E.F. and Maniatis, T. (1989) Molecular cloning - a laboratory manual. 

Second edition. Cold Spring Harbour Laboratory Press.

Samuelsson, S., Dahlén, S-E., Lindgren, J., Rouzer, C. and Serhan, C. (1987) Leukotrienes 

and lipoxins: structures, biosynthesis, and biological effects. Science 237:1171-1176.

Sanchez-Serrano, J.J., Keil, M., O'Connor, A., Schell, J. and Willmitzer, L. (1987) Wound- 

induced expression of a potato proteinase inhibitor II gene in transgenic tobacco plants. 

European Molecular Biology Organisation Journal 6 :303-306.

Sanger, F., Nicklen, S. and Coulson, A.R. (1977) DNA sequencing with chain terminating 

inhibitors. Proceedings of the National Academy of Sciences USA 74:5463-5467.

Scandalios, J.G. (1990) Response of plant antioxidant defense genes to environmental

182



stress. Advances in Genetics 28:1-41.

Scandalios, J.G. (1993) Oxygen stress and superoxide dismutases. Piant Physioiogy 101:7- 

12.

Schmelzer, E., Krüger-Lebus, S. and Hahlbrock, K. (1989) Temporal and spatial patterns of 

gene expression around sites of attempted fungal infection in parsley leaves. The Piant Ceii 

1:993-1001.

Schmidt, W.E. and Ebel, J. (1987) Specific binding of a fungal glucan phytoaiexin elicitor to 

membrane fractions from soybean Giycine max. Proceedings of the Nationai Academy of 

Sciences USA 84:4117-4121.

Schroder, M., Hahlbrock, K. and Kombrink, E. (1992) Temporal and spatial patterns of 1,3-p- 

glucanase and chitinase induction in potato leaves infected by Phytophthora infestans. The 

Plant Journal 2:161-172.

Schulze-Lefert, P., Dangl, J.L., Becker-And ré, M., Hahlbrock, K. and Schulz, W. (1989) 

Inducible in vivo DNA footprints define sequences necessary for UV light activation of the 

parsley chalcone synthase gene. European Molecular Biology Organisation Journal 8:651- 

656.

Shaw, N.M., Bolwell, G.P. and Smith, C. (1990) Wound-induced phenylalanine ammonia-lyase 

in potato {Solanum tuberosum ) tuber discs. Biochemical Journal 267:163-170.

Shearman, S. and Sevan, M.W. (1988) A rapid transformation method for Solanum  

tuberosum using binary Agrobacterium tumefaciens vectors. Piant Ceii Reports 7:13-16.

Sheng, J., D’Ovidio, R. and Mehdy, M.G. (1991) Negative and positive regulation of a novel 

proline-rich protein mRNA by fungal elicitor and wounding. The Plant Journal 1:345-354.

Shirras, A.D. and Northcote, D.H. (1984) Molecular cloning and characterisation of cDNAs

183



complementary to mRNAs from wounded potato {Solanum tuberosum) tuber tissue. Planta 

162:353-360.

Short, J.M., Fernandez, J.M., Sorge, J.A. and Huse, W.D. (1988) Lambda ZAP - a 

bacteriophage lambda expression vector with In vivo excision properties. Nucleic Acids 

Research 16:7583-7600.

Showalter, A.M., Zhou, J., Rumeau, D., Worst, S.G. and Varner, J.E. (1991) Tomato extensin 

and extensin-like cDNAs: structure and expression in response to wounding. Piant 

Molecular Biology 16:547-565.

Showalter, A.M., Butt, A.D. and Kim, S. (1992) Molecular details of tomato extensin and 

glycine-rich protein gene expression. Piant Molecular Biology 19:205-215.

Showalter, A.M. (1993) Structure and function of plant cell wall proteins. The Plant Cell 5:9- 

23.

Sidhu, G.S. (1975) Gene-for-gene relationships in the plant parasitic systems. Scientific 

Progress, Oxford 62:467-485.

Simmons, C.R., Litts, J.G., Huang, N. and Rodriguez, R.L. (1992) Structure of a rice p- 

glucanase gene regulated by ethylene, cytokinin, wounding, salicylic acid and fungal elicitors. 

Piant Molecular Biology 18:33-45.

Singh, N.K., Bracket, G.A., Hasegawa, P.M., Handa, A.K. and Buckel, S. (1987) 

Gharacterization of osmotin. A thaumatin-like protein associated with osmotic adaptation in 

plant cells. Piant Physioiogy 85:529-536.

Smith, G.J.S., Slater, A. and Grierson, D. (1986) Rapid appearance of an mRNA correlated 

with ethylene synthesis encoding a protein of molecular weight 35000. Planta 168:94-100.

Segaard, M. and Svensson, B. (1990) Expression of cDNAs encoding barley a-amylase 1 and



2 in yeast and characterization of the secreted proteins. Gene 94:173-179.

Somssich, I.E., Schmelzer, E., Kawalleck, P. and Hahlbrock, K. (1988) Gene structure and in 

situ transcript localization of pathogenesis-reiated protein 1 in parsley. Molecular and 

General Genetics 213:93-98.

Southern, E.M. (1975) Detection of specific sequences among DNA fragments separated by 

gel electrophoresis. Journal of Molecular Biology 98:503-517.

Stanford, A., Sevan, Wl. and Northcote, D. (1989) Differential expression within a family of 

novel wound-induced genes in potato. Molecular and General Genetics 215:200-208.

Stanford, A., Northcote, D.H. and Sevan, M. (1990) Spatial and temporal patterns of 

transcription of a wound-induced gene in potato. European Molecular Biology Organisation 

Journal 9:593-603.

Stanley, K.K. and Luzio, J.P. (1984) Construction of a new family of high-efficiency bacterial 

expression vectors - identification of cDNA clones coding for human liver proteins. 

European Molecular Biology Organisation Journal 3:1429-1434.

Steffens, M., EttI, P., Kranz, D. and Kindi, H. (1989) Vanadate mimics effects of fungal cell wall 

in eliciting gene activation in plant cell cultures. Planta 177:160-168.

Steiner, H. (1982) Secondary structure of the cecropins: antibacterial peptides from the moth 

Hyalophora cecropia. FEBS letters 137:283-287.

Steiner, H., Andreu, D. and Merrifield, R.B. (1988) Binding and action of cecropin and 

cecropin analogues: antibacterial peptides from insects. Biochimica et Biophysica Acta 

939:260-266.

Steinert, P.M., Jones, J.C.R. and Goldman, R.D. (1984) Intermediate filaments. Journal of 

Cell Biology 99:22s-27s.

185



Steinert, P.M., Parry, D.A.D., Idler, W.W., Johnson, L.D., Steven, A.C. and Roop, D.R. (1985) 

Amino acid sequences of mouse and human epidermal type II keratins of Mr 67,000 provide a 

systematic basis for the structural and functional diversity of the end domains of keratin 

intermediate filament subunits. Journal of Biological Chemistry 260:7142-7149.

Stuart, D.A. and Varner, J.E. (1980) Purification and characterization of a salt-extractabie 

hydroxyproline-rich glycoprotein from aerated carrot discs. Plant Physiology 66:787-792.

Sturm, A. (1992) A wound-inducible glycine-rich protein from Caucus carota with homology to 

single-stranded nucleic acid-binding proteins. Piant Physioiogy 99:1689-1692.

Tepperman, J., Katayama, C. and Dunsmuir, P. (1988) Cloning and nucleotide sequence of a 

petunia gene encoding a chloroplast-localized superoxide dismutase. Piant Molecular 

e/o/ogy 11:871-872.

Thain, J.F., Doherty, H.M., Bowles, D.J. and Wildon, D.C. (1990) Oligosaccharides that induce 

proteinase inhibitor activity in tomato plants cause depolarization of tomato leaf cells. Piant, 

Ceii and Environment 13:569-574.

Thompson, C.J., Movva, N.R., TIzard, R., Crameri, R., Davies, J.E., Lauwereys, M. and 

Botterman, J. (1987b) Characterization of the herbicide-resistance gene bar from 

Streptomyces hygroscopicus. European Molecular Biology Organisation Journal 6:2519- 

2523.

Thompson, J.E., Legge, R.L. and Barber, R.F. (1987a) The role of free radicals in 

senescence and wounding. New Phytoiogist 105:317-344.

Trudel, J., Potvin, C. and Asselin, A. (1992) Expression of active hen egg white lysozyme in 

transgenic tobacco. Piant Science 87:55-67.

Tsang, E.W.T., Bowler, C., Hérouart, D., Camp, W.V., Viilarroel, R., Genetello, C., Montagu, M. 

and Inzé, D. (1991) Differential regulation of superoxide dismutases in plants exposed to

186



environmental stress. The Plant Cell 3:783-792.

Tschopp, J.F., Sverlow, G., Kosson, R., Craig, W. and Grinna, L. (1987) High-level secretion of 

glycosylated invertase in the methylotrophic yeast, Pichiapastoris. Bio/Technology 5:1305- 

1308.

Uknes, S., Mauch-Mani, B., Moyer, M., Potter, S., Williams, S., Dincher, S., Chandler, D., 

Slusarenko, A., Ward, E. and Ryals, J. (1992) Acquired resistance in Arabidopsis. The Plant 

Cell 4:645-656.

Vaeck, M., Reynaerts, A., Hofte, H., Jansens, S., De Beuckeieer, M., Dean, C., Zabeau, M., 

Van Montagu, M. and Leemans, J. (1987) Transgenic plants protected from insect attack. 

Nature 328:33-37.

van den Bulcke, M., Bauw, G., Castresana, C., van Montagu, M. and Vandekerckhove, J.

(1989) Characterization of vacuolar and extracellular P(1,3)-glucanases of tobacco: Evidence 

for a strictly compartmentalized plant defense system. Proceedings of the Nationai Academy 

of Sciences USA 86:2673-2677.

van de Rhee, M.D., Lemmers, R. and Bol, J.F. (1993) Analysis of regulatory elements 

involved in stress-induced and organ-specific expression of tobacco acidic and basic p-1,3- 

glucanase genes. Piant Molecular Biology 21:451 -461.

van Hofsten, P., Faye, I., Kockum, K., Lee, J.Y., Xanthopoulos, K.G., Boman, I.A., Boman, 

H.G., Engstrom, A., Andreu, D. and Merrifield, R.B. (1985) Molecular clonihg, cDNA 

sequencing, and chemical synthesis of cecropin B from Hyalophora cecropia. Proceedings 

of the Nationai Academy of Sciences USA 82:2240-2243.

van Loon, L,C., Gerritsen, Y.A.M. and Ritter, C.E. (1987) Identification, purification and 

characterization of pathogenesis-related proteins from virus-infected Samsun NN tobacco 

leaves. Piant Molecular Biology 9 :593-609.

187



Vaughn, S.F. and Lulai, E.G. (1992) Further evidence that lipoxygenase activity is required for 

arachidonic acid-elicited hypersensitivity in potato callus cultures. Plant Science 84:91-98.

Vôgeli, U., Meins, F. and Boiler, T. (1988) Co-ordinated regulation of chitinase and p-1,3- 

glucanase in bean leaves. Planta 174:364-372.

Walker, J., McLellan, K. and Robinson, D. (1991) Isolation and purification of superoxide 

dismutase purified from Brussels Sprouts (Brassica oleracea L. var. buiiata sub var. 

gemmifera). Food Chemistry 41:1-9.

Walter, M.H., Liu, J., Grand, C., Lamb, C.J. and Hess, D. (1990) Bean pathogenesis-related 

(PR) proteins deduced from elicitor-induced transcripts are members of a ubiquitous new 

class of conserved PR proteins including pollen allergens. Molecular and General Genetics 

222:353-360.

Wang, H. and Woodson, W.R. (1992) Nucleotide sequence of a cDNA encoding the 

ethylene-forming enzyme from Petunia Corollas. Piant Physioiogy 100:535-536.

Ward, E.R., Uknes, S.J., Williams, B.C., Dincher, S.S., Wiederhold, D.L., Alexander, D.C., Ahl- 

Goy, P., Métraux, J-P. and Ryals, J.A. (1991) Coordinate gene activity in response to agents 

that induce systemic acquired resistance. The Plant Cell 3:1085-1094.

Warner, S.A.J. (1992) Cloning and characterisation of an asparagus wound-induced gene. 

PhD thesis, University of Leicester.

Warner, S.A.J., Scott, R. and Draper, J. (1992) Characterisation of a wound-induced transcript 

from the monocot asparagus that shares similarity with a class of intracellular pathogenesis- 

related (PR) proteins. Piant Molecular Biology 19:555-561.

Warner, S.A.J., Scott, R. and Draper, J. (1993) Isolation of an asparagus intracellular PR gene 

(A0PRI ) wound-responsive promoter by the inverse polymerase chain reaction and its 

characterisation in transgenic tobacco. The Piant Journal 3:191 -201.

188



Weiss, C. and Sevan, M. (1991) Ethylene and a wound signal modulate local and systemic 

transcription of win2 genes in transgenic potato plants. Plant Physiology 96:943-951.

Weiss, D., van Blokland, R., Kooter, J.M., Nol, J.N.M. and van Tunen, A.J. (1992) Gibbereilic 

acid regulates chalcone synthase gene transcription in the corolla of Petunia Hybrida. Piant 

Physioiogy 98:191-197.

White, J.A., Plant, S., Cannon, R.E., Wadsworth, G.J. and Scandalios, J.G. (1990) 

Developmental analysis of steady-state levels of Cu/Zn and Mn superoxide dismutase mRNAs 

in maize tissues. Piant and Ceii Physioiogy 31:1163-1167.

White, D.A. and Zilinskas, B.A. (1991) Nucleotide sequence of a complementary DNA 

encoding pea cytosolic copper/zinc superoxide dismutase. Piant Physioiogy 96:1391-1392.

Whiteley, H.R. and Schnepf, H.E. (1986) The molecular biology of parasporal crystal body 

formation in Baciiius thuringiensis. Annual Reviews of Microbiology 40:549-576.

Wildon, D.C., Thain, J.F., Minchin, P.E.H., Gubb, I.R., Reilly, A.J., Skipper. Y.D., Doherty, H.M., 

O’Donnell, P.J. and Bowles, D.J. (1992) Electrical signalling and systemic proteinase inhibitor 

induction in the wounded plant. Nature 360:62-65.

Williamson, J.D. and Scandalios, J.G. (1992) Differential response of maize catalases and 

superoxide dismutases to the photoactivated fungal toxin cercosporin. The Piant Journal 

2:351-358.

Wingate, V.P.M., Lawton, M.A. and Lamb, C.J. (1988) Glutathione causes a massive and 

selective induction of plant defense genes. Piant Physiology 87:206-210.

Wise, R.R. and Naylor, A.W. (1987) Chilling-enhanced photooxidation. Plant physiology 

83:278-282.

Wyatt, R.E., Nagao, R.T. and Key, J.L. (1992) Patterns of soybean proline-rich protein gene

189



expression. The Plant Cell 4:99-110.

Yang, Z., Park, H., Lacy, G.H. and Cramer, C.L. (1991) Differential activation of potato 3- 

hydroxy-3-methylglutaryl coenzyme A reductase genes by wounding and pathogen 

challenge. The Plant Cell 3:397-405.

Ye, Z-H., Song, Y-R., Marcus, A. and Varner, J.E. (1991) Comparative localisation of three 

classes of cell wall proteins. The Plant Journal 1:175-183.

Zaret, K.S. and Sherman, F. (1982) DNA sequence required for efficient transcription 

termination in yeast. Cell 28:563-573.

Zacheo, G. and Bleve-Zacheo, T. (1988) Involvement of superoxide dismutases and 

superoxide radicals in the susceptibility and resistance of tomato plants to Meloidogyne 

incognita attack. Physiological and Molecular Piant Pathology 32:313-322.

190


