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by J.D. Morton 

Infection of barley (Hordeum vulgare) leaves with the rust fungus, Puccinia hordei, 

causes changes in the host protein synthesis. This thesis analyses these changes in the barley 

cultivar Triumph following inoculation of 7 -day-old leaves with either a virulent or an avirulent 

race of P. hordei. 

The initial approach was to isolate membrane-bound polysomes from infected leaves, 

translate them in vitro and analyse the translation products. These products include the integral 

membrane proteins which were expected to - be involved in the response of the host to the 

pathogen. A method based on differential centrifugation in the presence of a ribonuclease

inhibiting buffer was developed for separating membrane-bound polysomes from the rest of the 

cytoplasmic polysomes. Membrane-bound polysomes were found to comprise one fifth of the 

total polysomes in the leaves. Analysis of the translation products of niembrane-bound 

polysomes by SDS-PAGE showed them to be of higher average molecular weight than those from 

free polysomes. Comparison of polypeptides produced by membrane-bound polysomes from 

healthy and inoculated plants showed some differences however the low yield of membrane

bound polysomes made it difficult to obtain conclusive results. 

Thus it was decided to isolate total polysomes by including 1% Triton X-lOO in the 

extraction buffer. Polysomes were extracted from 12 to 72 h after inoculation. Infection caused a 

decline in yield of polysomes during this period when compared with healthy leaves of the same 

age. Polysomes isolated 16 h after inoculation with the virulent race were 20% less efficient at 

translation than polysomes from control leaves. In contrast polysome isolated from leaves 

inoculated with the avirulent race were 20% more efficient. Analysis of the labelled translation 

products by SDS-P AGE and fluorography showed relative increases in the synthesis of some 



proteins by 16 h after inoculation with either race when compared to products from healthy 

leaves. 

Protein synthesis in the infected plants was further analysed by in vivo labelling and 

one- and two-dimensional PAGE. The fluorographs revealed increased synthesis of a group of 

proteins from 58 to 116 kDa starting 12 h after inoculation with either race of P. hordei; 

confinning the results from the polysome translations. Two polypeptides with molecular weights 

of about 66 kDa were found to increase following infection only with the virulent race. By three 

days after inoculation with either fungal race the most obvious change in protein synthesis was a 

marked decrease in the synthesis of the two most prominent polypeptides with molecular weights 

of 15 and 51 kDa which were considered to be the subunits of ribulose bisphosphate carboxylase. 

ii 

The elicitor hypothesis, in attempting to explain cultivar-specific resistance in plants, 

postulates that resistance is controlled by the interaction of specific fungal elicitors and plant 

receptors and that this interaction which only occurs between resistant hosts and avirulent 

pathogens triggers specific gene expression leading to resistance. This hypothesis does not fit the 

situation in the badey-P. hordei interaction as protein synthesis showed similar changes following 

infection with either a virulent or an avirulent race. 

Keywords: cereals; barley; Puccinia hordei; cultivar-specific; resistance; polysomes; 

proteins; membrane-bound; translation; two-dimensional; electrophoresis; rubisco 
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CHAPTER ONE 

INTRODUCTION 

1.1 BARLEY AND PUCCINI A HORDEI 

Plants have an extensive array of mechanisms to protect them against attack by the 

many potential pathogens in their environment. Apart from constitutive defenses such as cell 

walls and preformed toxins plants can respond to specific pathogens in an active manner that 

requires alterations in their gene expression. The purpose of this work was to study how infection 

with a fungal pathogen (Puccinia hordei Otth.) altered gene expression in a cereal host, barley 

(Hordeum vulgare L. cv. Triumph). Two races of the pathogen were used, only one of which was 

able to grow on the barley. This allowed comparison between the resistance response of the plant 

and that associated with susceptibility. 

Barley has been cultivated for at least 7000 years (Clark, 1967) and is the world's 

fourth most important cereal crop (poehlman, 1985). The main uses of barley grain are for 

animal feed and malt, it is also used for food by humans in areas which are not suitable for the 

growth of other cereals. Rasmussen (1985) has edited a comprehensive monograph on barley. 

The cultivar Triumph has good malting qualities and is grown extensively in Canterbury. 

P. hordei is also known as barley leaf or brown rust (Clifford, 1985). The disease is 

characterised by the appearance of brown uredia upon the leaves of infected barley (Kiesling, 

1985). Barley leaf rust, along with the other rusts and mildews, is a biotrophic parasite. This 

means that it is only able to obtain its nutrients from living tissue. In nature it is an obligate 

pathogen, although it can be grown axenic ally (MacLean, 1982). 

P. hordei is a specific pathogen of barley and does not infect related cereals such as 

wheat. Within the species P. hordei are a number of physiological races or biotypes (Roelfs, 

1984). These races differ in the range of barley cultivars which they can infect. Thus, although 

P. hordei is a pathogen of barley, some barley cultivars are resistant to some races of the rust. 



2 

1.2 TERMINOLOGY 

The meaning of many of the tenns used in plant pathology varies with the user. The 

definitions used in this work are taken from Collinge and Slusarenko (1987). A pathogen is 

regarded as an organism able to cause disease in a host species. Thus P. hordei is a pathogen on 

barley and a non-pathogen on wheat. As stated above, however, some races of P. hordei cannot 

grow on some barley cultivars. This is cultivar-specific (or from the point-of-view of the rust 

race-specific) resistance and differs from the general reaction of plants to organisms that would 

not nonnally be considered pathogenic on them (Ward and Stoessel, 1976). If a race can grow on 

a specific cultivar it is virulent with respect to that cultivar and the cultivar is susceptible to that 

race. This is a compatible interaction. If the cultivar prevents growth of the fungal race it is 

resistant to that race and the race is avirulent on the cultivar. This is an incompatible 

interaction. It is important to note in these interactions that one partner can not be defined 

without reference to the other. 

Cultivar-specific resistance has been important in plant breeding programmes· as it is 

controlled by single plant genes which are inherited in a Mendelian fashion (Flor, 1956). The 

resistance of new cultivars containing these genes, however, has often proved ephemeral once 

introduced into commercial crops (Vanderplank, 1984). The understanding of how this resistance 

works may aid in the production of new cultivars with more durable fonns of resistance. 

1.3 NATURE OF WORK 

Many of the responses of host plants to fungal infection require changes in host gene 

expression (Collinge and Slusarenko, 1987). In resistant plants those proteins which have their 

synthesis increased may be involved in defense mechanisms. The observation that in barley the 

application of inhibitors of protein synthesis to the host in the day following infection with p. 

hordei prevented resistance (Rwendeire and Barnes, 1988) led to a major portion of this work 

being directed to determining the timing and nature of changes in the pattern of host protein 

synthesis in the early stages of infection. 

When comparing changes in gene expression following infection in 2 cultivars there 

are difficulties in separating changes due specifically to infection and those due to other 

differences between the cultivars (Ellingboe, 1981). A solution to this problem has been the use 



of near-isogenic plants (Loegering and Hannon, 1969). These are the result of breeding 

programmes involving extensive backcrossing between a resistant hybrid and its susceptible 

parent. The resulting near-isogenic pair consists of two plants which differ in that only one has 

the specific resistance gene but otherwise they are very similar (often greater than 99%) 

genetically. In the present work near-isogenic cultivars were not available and so a single host 

cultivar was used and infected with two pathogen races. Thus the host genetic background was 

identical in each interaction but nothing was known of the differences between the leaf rust races. 

Triumph barley leaves were infected with two races of P. hordei. Race 141 was 

virulent on Triumph and grew successfully to produce spores about 8 days after inoculation. 

Race 65 provoked a hypersensitive reaction from Triumph (Barnes et al, 1988). As evidence 

from this and other cereal-rust systems indicated that the nature of the interaction, compatible or 

incompatible, was determined within the first 48 h after inoculation, barley gene expression in 

this period was studied. 

3 

The initial approach (Chapter 2) was to isolate membrane-bound polysomes from 

healthy and inoculated plants. Polysomes were used as they indicated protein synthesis at ·the 

time of extraction. The polysomes were translated in vitro using labelled amino acids and the 

protein products were analysed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

fluorography. The membrane-bound polysomes were studied as they synthesise the membrane 

and extracellular proteins (palade, 1975) which are in closest contact with the fungi and are likely 

candidates for a role in resistance. 

Because of problems in obtaining sufficient membrane-bound polysomes from 

infected plants it was decided to use total polysomes (Chapter 4). These were isolated from 

infected plants at 4 hourly intervals from 12 to 24 h and at 2 and 3 days after inoculation and 

translated. Because of the use of a wheat germ cell-free translation system only mRNAs on 80S 

ribosomes were translated. Thus it was possible to study the effects of rust infection on 

chromosomal gene expression without interference from organelle protein synthesis. 

As it was difficult using this method to detect consistent changes following infection, 

the plant proteins synthesised at various times up to 5 days following inoculation were labelled in 

vivo with 35S-methionine and extracted (Chapter 5). The proteins obtained were analysed by 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE). In Chapter 6 the separation of these 

labelled proteins by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) is 

described. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 THE INTERACTION BETWEEN BARLEY AND BARLEY LEAF RUST. 

2.1.1 The infection of barley by barley leaf rust 

P. hordei has a complex life cycle which requires two hosts for completion (Clifford, 

1985). The pycnial and aecial stages occur on OrnithogaZum species while urediospores and 

teliospores are produced only on barley. The rust is not obliged to complete its fu11life cycle and 

can sUlvive on barley alone spending the winter as uredia on volunteer barley plants. This is the 

normal situation in many areas (Mathre, 1982) and is the case in Canterbury (Arnst, 1976). 

Infection of barley begins with a urediospore landing on a leaf. The spore requires 

free moisture and a temperature between 50 and 250 for germination (Simkin and Wheeler, 

1974). The 'germ tube is unable to penetrate the cuticle directly and grows across the leaf surface 

until it finds a stomatum where it forms an appressorium. An infection peg penetrates the 

stomatal opening and expands to form a cigar-shaped substomatal vesicle. At the optimum 

temperature of 150, Clifford (1985) found that 80% of spores had germinated and penetrated a 

stomatum by 16 h after inoculation. 

Hyphae grow from the ends of the substomatal vessicle to form an intercellular 

mycelium which differentiates to form haustorial mother cells. When these cells contact host 

mesophyll cells they are induced to form the final infection structures (Pring, 1980; Heath, 1981). 

A penetration peg breaks through the cell wall, then a haustorium is formed which invaginates the 

hosts plasma membrane. The infection process is summarised in Fig 2.1. 

Many organelles from the host cell, including the nucleus, are associated with the 

haustorium and there is a tubular complex which seems to link the fungal and plant membranes 



Fig 2.1 

5 

A diagrammatic representation of a young fungal rust colony, about 60 h old, in a 

cereal leaf. The sequence of events is germination of the urediospore (U), formation 

of an appressorium (A) from the germ tube (GT) over a stomate, penetration past the 

guard cells (GC) via a penetration peg (PP), formation of a substomatal vessicle 

(SV), growth of an infection hyphae (IH), formation of the primary haustoria (PH), 

then branching and growth of intercellular hyphae (lCH), and formation of additional 

haustoria (H). The haustorium mother cells (HMC) are indicated in bold outline. 

(Harder, 1984) 



(Harder and Chong, 1984). The haustorium is the closest contact between the plant's cells and 

those of the pathogen and its function is presumed to be uptake of nutrients from the host 

(Bushnell, 1972). 
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Scholes and Farrar (1987) found that growth of the fungal colony involved a lag from 

o to 3 days after infection followed by rapid growth from 4 to 8 days. The lag corresponded to 

the time required for the colony to establish its primary haustoria. Following this, the fungal 

colonies spread out forming secondary haustoria and primordia of uredinosori which eventually 

rupture the leaf epidermis to allow release of the uredinospores. The first visible symptoms, a 

yellow flecking on the infected leaves, occurred on the fourth day after infection and sporulation 

was evident on the seventh (Scholes and Farrer, 1987). 

2.1.2 The effect of infection on the barley host. 

As a biotroph, the rust interacts in a subtle manner with the tissue immediately 

surrounding it in the early stages of infection. However Owera et al. (1981) reported less net 

photosynthesis in barley leaves infected with P. hordei than in healthy leaves. Ahmed et al. 

(1983) have shown that this reduction was due to a decrease in the number of chloroplasts but that 

the surviving chloroplasts still functioned efficiently; they also found that infection delayed the 

effects of senesence on the chloroplast. 

Further studies revealed the heterogeneous nature of infected leaves. The areas 

invaded by the fungus had higher levels of photosynthesis than uninfected controls, while areas 

between colonies had reduced photosynthesis (Scholes and Farrar, 1986). 

The intense fungal metabolic activity, culminating in spore formation, required large 

quantities of organic and inorganic nutrients and the only source for these was the plant. The 

effect of rust infection on nutrient translocation in the host has been reviewed by Durbin (1984). 

In a healthy plant the roots exported water and inorganic solutes to the stems and leaves, while 

leaves exported organic products of photosynthesis, such as sucrose. These relationships have 

been described in terms of "sources", tissues which export a nutrient, and "sinks", areas of net 

utilisation of a nutrient (Loomis et al., 1976). The role of an organ could change with time. For 

example cereal leaves in their juvenile growth stage were a major sink. for inorganic compounds, 

such as nitrogen, but with the onset of senesence they became a source for these compounds. 

During this period proteins of flag leaves were degraded and the nitrogen and other material 
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translocated into new leaves and grain. This process provided the bulk of the nitrogen in the grain 

(Martin, 1982; Hay et ai., 1953). 

The fungus interfered with this process in a number of ways. The growing 

mycelium, with its constant requirement for nutrients, acted directly as a sink (Durbin, 1984). 

Biotrophic fungi also had other direct effects on their hosts. Starch accumulated in host cells 

associated with the colonies (Scholes and Farrar,1987). Senesence was delayed in tissues 

immediately surrounding infection sites (Bushnell, 1984), and nutrients accumulated in infected 

leaves (Doodson et al., 1965; Holligan et al., 1974). This was due to a decrease in export of 

photosynthate and increased redirection of nutrients from other tissues. These symptoms were 

similar to the effects of cytokinins on plants (Gilbert et al., 1980) and may be a consequence of 

the increased levels of these compounds in rust-infected tissue (Kiraly et al., 1967; Sziraki et al., 

1976). 

Thus fungal growth caused a decline in production of carbohydrates by infected 

leaves and acted as a sink for nutrients from the host. This led to a decrease in new growth and 

grain filling. In field trials in Canterbury, infection with P. hordei caused a 20% decrease in 

barley yields (Arnst et al., 1979). The disruption of nutrient flow within the plant due to fungal 

infection can also hinder root growth, making the plant vulnerable to drought stress (Bushnell and 

Rowell, 1968). 

2.2 RESISTANCE OF PLANTS TO FUNGAL PATHOGENS 

2.2.1 Plant Defenses and Basic Compatibility. 

Plants are infected only by a few of the many potentially pathogenic species in their 

environment, because plants have evolved several layers of defense. One of these is the cuticle 

(Bell, 1981) which covers the leaves and is made up of waxes and cutin, a polyester of fatty acid 

derivatives. Apart from acting as a physical barrier, the cuticle also prevents accumulation of the 

free moisture necessary for the germination of fungal spores. Embedded in the matrix of the 

cuticle are compounds which are able to hinder the germination of the spores of some pathogens. 

P. hordei does not have to penetrate the cuticle as it enters the leaf through the stomata. This 

means, however, that the germ tubes have to find the stomata. Clifford et al. (1985) have shown 

a relationship between numbers of stomata and of P. hordei infections. 



Once the pathogen has entered the leaf the next major barrier is the cell wall. 

Successful pathogens require a variety of enzymes to dissolve the components of the wall 

(Cooper, 1983). As well as the wall, the pathogen has to cope with additional material laid down 

by the plant following contact (Ride, 1983). One response, common in both compatible and 

incompatible interactions involving cereals, is the depositing of material on the inside of the host 

cell wall where the fungus is attempting to penetrate. This material, known as papillae, often 

contains callose or cellulose (Aist, 1976). In cereals infected with Septoria nodorum the papillae 

were formed by the gelation of glycoproteins with esterified phenolic acids (Hargreaves and 

Keon, 1986). Biotrophs have to penetrate the cell wall without damaging the membrane of the 

host cell, as this has been reported to trigger host defence responses (Tomiyama et al., 1983; 

Kohle et al., 1985). 
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Apart from the positive actions the pathogen has to undertake to enter the plant, it 

also has to protect itself against any toxins produced by the host. Some of the many constitutive 

antimicrobial compounds in plants were discussed in a review by Mansfield (1983). Included 

amongst these were the hordatines from barley which inhibited the growth of Helminthosporium 

sativum (Stoessl and Unwin, 1970). Apart from these low molecular weight inhibitors, there were 

also host proteins which interfered in pathogenesis. Some plant cell walls contained inhibitors of 

polygalacturonases, fungal enzymes important in penetration of the host wall (Anderson and 

Albersheim, 1972). Other plants secreted glycosidases, which digest the cell walls of fungi 

(Nichols et al., 1980). In turn some fungi were able to produce inhibitors of the galactosidases 

(Albersheim and Valent, 1974). 

Successful infection requires the fungus to overcome all these barriers and be 

immune to any host toxins. This has been summarised in the "switching point" concept by Heath 

(1974) which is shown diagrammatically in Figure 2.2. 

To overcome the defenses of its host plant requires a specialised life style for a 

biotrophic pathogen such as P. hordei. Ellingboe (1976) has suggested that biotrophic pathogens 

have coevolved with their cereal hosts to establish a "basic compatibility". Heath (1981) 

discussed non-host resistance and proposed that "basic compatibility" resulted from the specific 

accomodation of the pathogen to its host. Thus at the species level the pathogen evolved 

mechanisms to overcome the host defences. She suggested that these could include tolerance to 

host toxins, the ability to break down host barriers, or the production by the pathogen of host

selective toxins. Another important measure would be to prevent recognition of the fungus as 



Fig 2.2 Simplified version of the "switching point" concept (Heath, 1974) for P. hordei 

infection of barley. 
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non-self by the host by using suppressors of receptor binding. This specialisation has restricted 

the host range of biotrophic pathogens and made them obligate pathogens in nature (Heath. 1981). 

2.2.2 Cultivar Specific Resistance. 

Although P. hordei shows "basic compatibility" with barley. a particular rust race is 

unable to infect successfully all cultivars of barley. This cultivar-specific resistance differs from 

non-host resistance in that it appears to only occur after the fonnation of the first haustorium 

(Littlefield and Heath. 1979) and involves active responses. As discussed below. the changes 

observed in resistant plants following infection can be categorised in three main groups: 

hypersensitive necrosis of host cells. production of antimicrobial compounds. and structural 

barriers. Many incompatible interactions involve a combination of these. 

The most common observation following fungal infection in a resistant host is 

hypersensitive necrosis. or early death of the host cells penetrated by haustoria and those 

immediately surrounding it (Heath. 1982). This was followed by disorganisation of the 

haustorium but not of the fungal mycelium (Littlefield and Heath. 1979). There are reports 

(Pruskey et al., 1980; Nicholson et aI., 1977) of disorganisation and death of the haustoria 

occurring before necrosis of the host cell. This has led to controversy over whether 

hypersensitive necrosis was a cause or an effect of resistance (Goodman et al., 1986). One of the 

difficulties has been in comparing different ways of establishing cell death (Heath, 1982). That 

hypersensitive necrosis was not always necessary for resistance has been shown in a resistant 

cultivar of wheat, where metabolic inhibitors prevented hypersensitive necrosis but there was still 

no growth of an avirulent race of Puccinia recondita (Campbell and Deverall, 1980). It may be 

that hypersensitive necrosis is a result of some other as yet undetennined resistance mechanism 

(Mayama et al., 1975). 

The production by the host of antifungal substances is often associated with 

hypersensitive necrosis in resistance. Of these the most studied are the phytoalexins. These were 

defined by Paxton (1980) as "low molecular weight antimicrobial compounds that are both 

synthesised by and accumulate in plants after exposure to microorganisms". They have been been 

reviewed recently by Kuc and Rush (1985), Ebel (1986) and Kuhn and Hargreaves (1987). 

Phytoalexins were originally described in potatoes, where inoculation with an incompatible race 

of Phytophora in/estans made the potatoes resistant to a compatible race (Muller and Behr, 1949). 

This led van der Plank (1975) to suggest that phytoalexins were not involved in the immediate 



resistance response but acted to prevent secondary infections. However the localisation and 

timing of phytoalexin accumulation indicated that they had a direct role in resistance (Cramer et 

al., 1985; Hahn et al., 1985). Bailey (1982) proposed that phytoalexins were produced in the 

cells surrounding the infected host cell and exported to the site of infection. There was evidence 

for this pattern of synthesis in beans (Hargreaves and Bailey, 1978) and potato (Sakai et al., 

1979). 
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Stoessl (1983) reported that phytoalexin production was common among 

angiosperms. In cereals, examples have been found in oats (Mayama et al., 1981) and rice (Kono 

et al., 1985). 

As mentioned earlier (2.2.1), structural barriers, such as papillae, are important in 

non-host resistance. There is also evidence that post-infectional structural defences, particularly 

lignification, have a role in cultivar-specific resistance. Vance et al. (1980) have reviewed the 

importance of lignification of cell walls in disease resistance. Lignins are polymers of 

hydroxycinnamy1 alcohols and form a matrix within a plant's cell walls. Lignin may hinder 

penetration of cell walls, as it is resistant to degradation by enzymes (Ride and Pearce, 1979). 

Beardmore et al. (1983) found that lignification occured in hypersensitive cells of wheat infected 

with stem rust (Pueeinia graminis f.sp. tritiei) and Reisner et al. (1986) showed that inhibition of 

lignification induced compatibility. 

The hydroxyproline-rich glycoproteins, which include extensin, are important in 

plant cell walls and have shown increased levels after infection in many plants, including barley 

(Mazau and Esquerre-Tugaye, 1986). In melons, this increase has been"related to disease 

resistance (Toppan et al., 1982). 

2.2.3 Recognition: The Elicitor Hypothesis. 

To trigger the active responses described above, the plant requires a signal. Keen 

(1975) proposed that this signal resulted from the interaction of fungal molecules (elicitors) and 

molecules on the surface of the host cells (receptors) . 

. Fungal components have been assayed for their ability to elicit defense responses in 

host plants. Elicitors of phytoalexin production have provided a good model system and have 

been widely studied. They have included glucans (Darvill and Albersheim, 1984), glucomannans 
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(Keen et al., 1983), and glycoproteins (Keen and Legrand, 1980). Derivatives of chitin, a 

component of fungal cell walls, have been found to elicit lignification in wheat (Pearce and Ride, 

1982; Barber et al., 1989). It was difficult to see how chitin, which is common to all fungi, could 

elicit a specific response, although masking of chitin may have been important in the 

establishment of basic compatibility. More recently Kogel et al. (1988) have purified a 

glycoprotein from germ tubes of P. graminis f.sp. tritiei which elicited lignification in wheat. 

They showed that the elicitor was present in intercellular fluids of infected plants and that the 

carbohydrate was the active part. 

Although many compounds have elicitor activity, there are relatively few reports of 

elicitors which show race-specificity (Keen and Yoshikawa, 1983; De Wit and Spikman, 1982). 

The work of De Wit and colleagues is of particular interest as they obtained their race-specific 

elicitor, a small peptide (De Wit et al., 1985), from in vivo intercellular fluids of a compatible 

interaction. 

Much less is known about the plant receptor molecules. On the basis of other 

recognition phenomena, lectins, proteins which bind specific saccharides, have been proposed as 

likely receptors (Albersheim and Anderson-Prouty, 1975; Sequeira, 1978) but there is little 

experimental evidence of their role in fungal infections (Garas and Kuc, 1981; Nozue et al., 

1980). 

If the interaction of two molecules on the cell surface leads to responses that involve 

changes in protein synthesis there must presumably be a "second messenger" to carry the signal to 

the nucleus. As yet, however, there has been no evidence of this. 

An alternative to the model of fungal elicitors arises from the evidence that 

hypersensitive resistance could be triggered by constitutive, that is host-derived, elicitors released 

by or in response to damage to the plant cell (Hargreaves and "Bailey, 1978; Darvill and 

Albersheim,1984). Ward (1986) has reviewed the similarity of plant responses to wounding and 

infection, and suggested that many of the responses associated with resistance were actually part 

of the general damage control system of the host. Thus the successful biotrophic pathogen was 

the one which caused minimal host damage in the early stages of infection. If the plant reaction 

was in response to cell damage it would explain the wide range of biotic and abiotic materials that 

have elicitor activity. 
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2.2.4 Genetics of Cultivar.Specific Resistance. 

Knowledge of the genetics of cultivai'-specific resistance has been based on the work 

ofFlor (1946,1947) on flax and flax rust (Me/ampspora lini). He found that in these interactions 

host resistance genes were dominant, as were fungal avirulence genes, both showed simple 

Mendelian inheritance patterns. In the gene-for-gene hypothesis FIor (1956) proposed that "for 

each gene conditioning rust reaction in the host there was a specific gene conditioning 

pathogenicity in the parasite". Ellingboe (1987) considered that at least 95% of the variability 

found in host-parasite interactions could be attributed to gene-for-gene interactions. 

In the host-pathogen combinations that have been studied a series of host genes has 

been found which interact with an equivalent series of pathogen genes to determine the phenotype 

of interaction (FIor, 1971). These series of related genes could be quite extensive. Roelfs (1984) 

reported at least forty genes were known that conditioned resistance to stem rust in wheat. In 

barley, nine major genes, known as the Pa genes, have been determined for resistance to P. hordei 

(Clifford, 1985). However these genes are not common in commercial cultivars. Triumph, the 

cultivar used in this study, was said to contain the P~ gene (Walther and Lehman, 1980) .. 

However Walther (1987) found that although it contained two dominant genes for resistance 

neither of these were identical with P~. 

Heath (1981) proposed a general concept linking the gene-for-gene theory with 

elicitors and receptors. Once the pathogen had established basic compatibility there would be 

strong selection pressure on the host to evolve resistance. One way of achieving this would be to 

evolve a new receptor that recognised some specific feature of the fungus and elicited a response. 

Thus specificity would reside in the recognition rather than the response. Resistance genes would 

code for production of receptors and the fungal avirulence genes would code for elicitors. 

As the possession of the receptor would make the cultivar resistant there would be 

strong pressure on the fungus to find a mutation that either removed or masked the elicitor (Heath, 

1981). This would in turn put pressure on the host to recognise another feature of the pathogen. 

From this, races and cultivars with a series of complementary genes could easily evolve. 

A virulence genes predominate in rust populations that have not been selected for virulence (FIor, 

1971). Thus it would seem that the avirulence gene products improve the organisms "fitness". 

Although the elicitor model fits for some interactions, there other ways for the fungus 

to overcome resistance at the cultivar leve1. Instead of avoiding eliciting the defence response it 



could develop an immunity to the response in the same way in which it established basic 

compatibility. However Heath (1981) proposed that this sort of specific response to the host 

would be less likely to evolve. 

2.2.5 Partial Resistance. 
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Another type of resistance between non-host and cultivar-specific resistance has been 

observed in some interactions between P. hordei and some cultivars ofbadey. Partial or general 

resistance has been defmed as "that resistance which is expressed by particular cultivars of a host 

species to all strains of a pathogen which has established a basic compatibility with that host 

species" (Clifford et al., 1985). Expression of partial resistance involved slower growth of the 

rust and a reduction in spore production (padevliet, 1978). It differed from cultivar-specific 

resistance in that it did not involve hypersensitive necrosis, was inherited polygenetically, and 

was sensitive to the age of the plant (parlevliet and Kievit, 1986). Niks (1986) has shown that a 

factor in partial resistance was the inability of many haustorial mother cells to penetrate host cells 

and form haustoria. This sort of resistance is of interest agriculturally as it appears more durable 

than cultivar-specific resistance (Clifford, 1985). 

2.3 THE EFFECT OF INFECTION ON HOST PROTEIN SYNTHESIS 

The active responses of plants to infection that involve synthesis of new compounds 

such as phytoalexins or lignin require increased activity of specific enzymes (Robbins et al., 

1985; Moerschbacher et al., 1988). There is also evidence that resistance in some interactions 

requires host protein synthesis after inoculation (Tani and Yamamoto. 1978; Rwendeire and 

Barnes, 1988). 

2.3.1 Protein Synthesis in Plants. 

Plants have the same basic pattern of protein synthesis as animals and bacteria. The 

code for each protein is contained in sequences of DNA known as genes. These genes are 

. transcribed into messenger RNA which in tum is translated on ribosomes to produce the specific 

sequence of amino acids that make up any particular protein. Gene expression in plants has been 

reviewed recently by Grierson and Covey (1988). In plant cells protein synthesis occurs in three 



separate compartments: the cytoplasm, the plastids (chloroplasts in photosynthetic tissues) and 

the mitochondria. 

Proteins synthesised in the cytoplasm are encoded by nuclear genes. The DNA in 

these genes is associated with basic proteins, known as histones, RNA and acidic regulatory 

proteins to fonn repeating complexes known as nucleosomes. The genes are transcribed into 

RNA by RNA polymerase enzymes. The nucleus contains three different types of RNA 

polymerases, I, II and III, which specifically transcribe ribosomal RNAs (rRNA), messenger 

RNAs (mRNA) and low molecular weight RNAs respectively. 
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The mRNAs carry the code for the synthesis of proteins. Transcription of genes 

coding for mRNAs is regulated by sequences at their 5' end. These cis-operating sequences 

include the T AT A and CAAT boxes. Location of genes in the chromosome also affects their 

expression. In addition some genes are only transcribed in specific tissues or at specific stages in 

the development of the plant (Kuhlemeier et al., 1987). These genes have additional cis-acting 

elements which interact with regulatory proteins. For instance many of the genes for proteins 

involved in photosynthesis are regulated by light (Tobin and Silverthorne, 1985). The changes in 

gene expression following infection may also be regulated by the interaction of a protein with 

regulatory elements. 

After transcription RNAs are processed by removal of introns and in the case of 

mRNA the addition of7-methyl guanine caps to the 5' end and a polyadenine tail to the 3' end. 

The mRNAs leave the nucleus and are translated on 80S ribosomes. If the RNA encodes a 

soluble protein then this mRNA-ribosome complex, known as a polysome, floats freely in the 

cytoplasm. 

Proteins that are to be sequestered within the membranes of the cell are synthesised 

on polysomes attached to the endoplasmic reticulum. These proteins contain specific signal 

sequences of some 10 to 50 mainly hydrophobic amino acids at their amino tenninus. Translation 

begins on a cytoplasmic ribosome, but when the signal sequence has been synthesised it binds a 

signal receptor particle which halts translation until the ribosome has been attached to a "docking 

protein" on the endoplasmic reticulum. Then translation restarts and the protein is passed through 

the membrane as it is synthesised. As the polypeptide chain crosses the membrane the signal 

sequence is cleaved by a protease. Another post-translational modification that occurs at this 

point is the addition of sugars to glycoproteins. 
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A chloroplast contains its own genome, a double-stranded circular DNA molecule, 

and shows similarities to prokaryotes in its protein synthesis. Although the chloroplast DNA is 

small relative to the nuclear chromosomes, there are 10-20 copies per chloroplast and about 50 

chloroplasts in a photosynthetic cell from a higher plant, thus chloroplast DNA makes up between 

10% and 20% of the total DNA in a leaf (Scott and Possingham, 1982). Chloroplast DNA is 

transcribed by a chloroplast RNA polymerase and the mRNA is then processed by the removal of 

introns. Chloroplast mRNAs do not have the 5' caps or long poly A tails which are found on 

cytosolic mRNAs. Chloroplast mRNA is translated on 70S ribosomes. 

The chloroplast genome does not code for all of the proteins found in the chloroplast. 

Approximately 100 polypeptides have been shown to be translated in the cytosol and transported 

across the chloroplast membrane (Grossman et al., 1982), including the small subunit of ribulose 

bisphosphate carboxylase-oxygenase (rubisco). These proteins are translated on 80S ribosomes 

as preproteins containing amino-terminal signal sequences (Ellis, 1981). The signal directs the 

preprotein to the chloroplast membrane. Following active transport across the membrane the 

pre sequence is removed by a protease (Grierson and Covey, 1988). 

Plant mitochondria code for only a few of their own polypeptides with the remainder 

encoded on nuclear genes, translated on 80S ribosomes and transported into the mitochondria. 

The mitochondrial ribosome is different both from the cytoplasmic and the chloroplastic 

ribosome. The plant mitochondrial genome and its expression have been reviewed recently 

(Newton, 1988). 

Plant protein synthesis involves coordination of gene expression in the nucleus and 

the organelles (Henningsen and Stummann, 1982). For example, the organelles contain 

oligomeric proteins like rubisco where one subunit is coded for by nuclear genes and the other on 

the organelle genome. Also the plant needs to be able to change its gene expression in response 

to environmental changes. Plants are able to regulate protein synthesis at several levels: 

availability of DNA, transcription, RNA processing, translation and post-translational 

modification (Grierson and Covey, 1988). 

2.3.2 Protein Synthesis in Barley Leaves. 

As the leaves are the main photosynthetic tissues of barley, the proteins of the 

chloroplast predominate in the leaf cells. One protein alone, ribulose bisphosphate carboxylase 
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(rubisco), which fixes carbon dioxide and also acts in photorespiration, accounts for some 50% of 

the soluble leaf protein in cereals (Ellis, 1981). Rubisco has a molecular weight of about 560,000 

and is made up of eight large subunits, each with a molecular weight of 56000, and eight small 

subunits, each with a molecular weight of 12-15000 (Wildman, 1979). The large subunits, which 

contain the calalytic site, are coded for by chloroplast DNA (Bottomley and Whitfield, 1979). 

However the small subunits, which presumably have a regulatory function, are coded on nuclear 

chromosomes and translated on 80S ribosomes (Dobberstein et ai., 1977). The complete 

polypeptide then passes through the chloroplast membrane with the loss of a signal sequence of 

some 50 amino acids. The synthesis of rubisco and other proteins involved in photosynthesis is 

regulated by light (Tobin and Silverthorne, 1985). 

Leaves go through a growth stage where the amount of protein increases, a stage 

where the concentration of protein is steady and then a stage of decline in protein concentration 

with senesence (Huffaker, 1982). In the primary barley leaf the amount of protein per g fresh 

weight reaches its highest point about the eighth day after planting (Friedrich and Huffaker, 

1980). The total protein content then declines, although the amount of rubisco continues to 

increase to the tenth day. This may be due to proteins in the chloroplasts being sequestered from 

cytoplasmic proteases. It is important to note that changes in total amount can be due to changes 

in the rate of either synthesis or degradation. 

Apart from their role as enzymes, many leaf proteins are important to the plant as a 

nitrogen sink. During senesence the proteins are degraded by proteases and the amino acids can 

be translocated to the developing seed (Dalling et ai., 1975). In wheat three quarters of the 

nitrogen in the grain originates in the vegetative portion of the plant (Martin, 1982). 

2.3.3 Changes in Gene Expression of Susceptible Cereals 

As reported in a review by Bushnell (1984), the effect of cereal rust infection on the 

surrounding tissue was a delay in senesence for several days (the juvenile host response), 

followed by autolysis of the cells, which had similarities to accelerated senesence (Stoddardt, 

1981). The initial delay in senesence may have been due to the increase in the level of plant 

growth honnones which follows infection. Cytokinins in particular have been reported to retard 

senesence (Bushnell, 1967) and increased levels of cytokinins were noted following rust infection 
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wheat (Szikarki et al., 1976). Osborne (1962) suggested that the effect on senesence of cytokinin 

was due to its ability to maintain protein synthesis. 

The changes seen in the later autolytic stage coincided with increased penneability of 

host plasma membranes (Hoppe and Heitefuss, 1974). Apart from causing destruction of the host 

cell this would allow easier access for the fungus mycelium to host nutrients. 

An early indication that infection involved changes in protein synthesis were 

morphological studies which showed the host nuclei adjacent to the haustorium in infected cells 

(Allen, 1923; Mares, 1979) These nuclei were considerably larger than those of healthy cells 

(Bhattacharya and Shaw, 1967) and the endoplasmic reticulum was more highly developed in 

infected cells (Ehrlich and Ehrlich, 1971). 

The molecules involved in protein synthesis have also been studied. Van Loon and 

Callow (1983) summarised the difficulties in this type of work, particularly the problem of 

separating host and fungal material. In the early stages of infection the fungus is a very small part 

of the material and its contribution is usually ignored. However at the same stage relatively few 

host cells will be in contact with the fungi. It should be noted that the consequences of infection 

are often superimposed on a background of declining host levels,ofRNA and protein due to 

senesence. 

Battacharya et al. (1965) reported that there was no change in the amount of DNA in 

the early stages of infection of wheat by stem rust but the amount of RNA did increase when 

compared with healthy leaves. In oats the levels of both cytoplasmic and chloroplastic rRNA 

were similar in healthy and inoculated plants 3 days after infection with crown rust (Puccinia 

coronata avenae) (Tani et al., 1973). However by the sixth day there was more than twice as 

much cytoplasmic rRNA in infected plants as in control plants of the same age and only half as 

much chloroplastic rRNA. They noted that RNA levels were at their highest on the day of 

inoculation and suggested that these changes were due to a delay in senesence-related degradation 

of RNA in the early stages of infection, followed by an accelerated degradation of chloroplastic 

rRNA from 4 days on. The relative increase in cytoplasmic rRNA was considered to be due to 

fungal rRNA, which is indistinguishable from host cytoplasmic rRNA. No increase in 

incorporation of 3H-uridine into RNA was found 24 h after infection (Tani and Yamamoto, 1978) 

suggesting no net increase in RNA synthesis. 
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Total protein levels in the early stages of rust infection in wheat have shown little 

change (Johnson et al., 1968). Also measurements of protein synthesis by incorporation of 

labelled amino acids showed no change in the 20 h following inoculation of oats by a compatible 

race of crown rust (Yamamoto et al., 1976; Tani and Yamamoto, 1978). However in rust 

infections of flax (von Broemson and Hadwiger, 1972; Sutton and Shaw, 1986) and wheat 

(Greenland and Shaw, 1986) there was a relative decline in protein synthesis in a susceptible host 

within 24 h. 

Another indication of the rate of protein synthesis is the proportion of the total 

ribosomes involved in active translation as polysomes. When compared with healthy plants of 

the same age this was found to decline by 3 days after inoculation with a virulent rust in both flax 

(Greenland and Shaw, 1986) and barley (Rwendeire and Barnes, 1988). 

Some of the proposed mechanisms of biotrophic disease require active protein 

synthesis by the host for a successful infection (Daly, 1972). The evidence from experiments 

using inhibitors of protein synthesis in compatible rust interactions does not support this 

contention. In the infection of oats by crown rust application of cordycepin, a transcription 

inhibitor, and puromycin, an inhibitor of translation, had no effect (Tani and Yamamoto, 1978). 

Actinomycin D, another transcription inhibitor, allowed slightly better growth of a compatible 

leaf rust on barley (Rwendeire and Barnes, 1988). This enhanced growth may have been due to 

the inhibition of some residual resistance. 

2.3.4 The Importance of Protein Synthesis in Resistance. 

As discussed in 2.2.2, cultivar-specific resistance in cereals is an active response. In 

host-pathogen combinations, resistance mechanisms may include formation of papillae, enhanced 

lignin synthesis, production of antifungal compounds, or premature cell death. The first 3 of 

these involve either changes in the level of activity of existing enzymes or synthesis of new 

proteins. 

Several incompatible interactions have been shoWn to involve increased protein 

synthesis. Oats infected by an incompatible race of crown rust showed increased labelling ~f 

mRNA within 16 h; by 28 h after inoculation there was an increase in incorporation oflabel into 

rRNA compared with control plants (Tani et al.,1973). Protein synthesis, as measured by 

incorporation of labelled amino acids, also increased in this interaction but not in that between 



wheat and an avirulent race of stem rust (Greenland and Shaw, 1986). In flax, von Broembsen 

and Hadwiger (1972) found increased protein synthesis linked to rust resistance but Sutton and 

Shaw (1986) found no significant difference from the controls. 
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Inhibition of protein synthesis can prevent the resistance response. Rwendeire and 

Barnes (1988) applied the transcription inhibitor actinomycin D after infection of barley with a 

virulent and an avirulent race of Puccinia hordei Otth. and measured fungal growth (Fig. 2.3). 

Application of the inhibitor at 12 h after inoculation made the incompatible interaction 

compatible but later applications had less effect. Similar results were obtained using transcription 

and translation inhibitors in oats infected with crown rust (Yamamoto et al., 1976; Tani and 

Yamamoto,1978). Thus it would appear that in these interactions there is a period of protein 

synthesis from 12 to 20 h after inoculation that is necessary for resistance. 

Inhibitors have also been used to show that protein synthesis is required for specific 

responses such as hypersensitive resistance (Keen et aI., 1981). 

2.3.5 Changes in the Pattern of Protein Synthesis following Infection. 

Changes in gene expression following infection have been studied in several plant 

pathogen systems. In most of these experiments the plant tissue was fed a solution containing a 

radioactive amino acid, usually 14C-leucine or 35S-methionine, for a period of up to 2 h 

(Yamamoto and Tani, 1982; Manners et al., 1985; Greenland and Shaw, 1986). The proteins 

were then extracted, separated by electrophoresis and detected by fluorography. 

The decline in host protein synthesis discussed in 2.3.3 for compatible interactions 

did not affect all proteins equally. Proteins involved in photosynthesis showed marked decreases 

(Sutton and Shaw, 1986) while there was evidence of transient increases in the synthesis of other 

proteins (Greenland and Shaw, 1986). 

In vivo labelling of proteins from healthy and rust-infected flax, followed by 

fractionation on a Sephadex G-200 column, showed differences in label incorporation to specific 

size classes of proteins by 18 h after inoculation (von Broembsen and Hadwiger, 1972). 

This work was extended by Sutton and Shaw (1986) using one- and two-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) 18 h after inoculation. They found that protein 
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synthesis had declined by 20% when compared with healthy plants. Most of the decline in 

protein synthesis could be explained by decreased incorporation into the major spot, which on the 

basis of its position and quantity they identified as the large subunit of rubisco. They also found 5 

polypeptides present in the susceptible interaction but not in the healthy or resistant interactions. 

Inoculation with an avirulent race led to a slight increase in protein synthesis over the same 

period. 

An alternative to in vivo labelling of proteins is to isolate the polysomes and translate 

them in an in vitro system. Pure et al. (1979, 1980) used this approach in studying changes in 

rust-infected wheat leaves. They found that 3 days after inoculation there were changes in the 

size classes of polypeptide synthesised by infected leaves. Using chloramphenicol and 

lincomycin, inhibitors of chloroplast protein synthesis, they showed at least some of the changes 

were due to polypeptides which had been translated on cytoplasmic ribosomes. In contrast, 

Greenland and Shaw (1986) were unable to detect changes at 1 and 3 days after infection, using 

this approach. 

As discussed in 2.3.4 the resistance reaction required protein synthesis. By analysing 

the proteins produced in an incompatible interaction it was possible to determine whether the 

required synthesis involved greater expression of pre-existing proteins or synthesis of new 

proteins. 

Oats infected with a compatible race of crown rust were labelled with 14C-leucine; 

their proteins were extracted 20 h after inoculation, separated into microsomal and cytoplasmic 

fractions and analysed by 2D-PAGE (Yamamoto and Tani, 1982). The fluorograph of the gel 

revealed 10 polypeptides in the cytoplasmic fraction that were not in the healthy plant. No 

differences were found in the microsomal fraction. In the same experiment, inoculation with an 

incompatible race of crown rust revealed the 10 polypeptides found in the compatible interaction 

and also another 11 specific to resistance. 

Wagoner et al. (1982) showed changes in peas within 8 h of infection with the fungus 

Fusarium solani. On 2D-PAGE they showed that synthesis of 21 proteins increased in infected 

plants compared with healthy plants, while synthesis of 4 others decreased. They found no 
, 

difference between the response of plants infected with virulent and avirulent races. This was 

considered to be due to a known early resistance that the virulent fungi then overcame. They 

extended their work to look at the period 24-96 h after infection (Hadwiger and Wagoner, 1983) 

and found a decline in the production of these 21 proteins in the compatible interaction. In 
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contrast, inoculation with an avirulent race was associated with continued synthesis of this group 

which they labelled "resistance proteins". 

In a similar experiment with stem rust-infected wheat (Greenland and Shaw, 1986) 

the susceptible host showed a steady decline in synthesis of polypeptides of sizes up to 65 kDa. 

In both resistant and susceptible hosts they found increased synthesis of a group of proteins with 

molecular weights in the range 80-110 kDa and production of two novel proteins. These changes 

were evident by 24 h following infection either with a virulent or avirulent race but only 

continued to the third day in the incompatible interaction. In the compatible interaction there was 

a general decline in protein synthesis, evident 3 days after inoculation, which included these 

proteins. Thus, in contrast to the oats, resistance in wheat and peas apparently depended not on 

the initial response but the ability to continue responding. 

Powdery mildew (Erysiphe graminis f.sp. hordei) caused a decline in the protein 

synthesis of a susceptible cultivar of barley (Manners and Scott, 1984). This was detected in the 

chloroplast at 1 day after inoculation and in the cytoplasm by the third day. This interaction was 

studied more extensively (Manners et al., 1985) using 6 barley cultivars. These comprised 3 

near-isogenic pairs containing different dominant resistance genes. In each of the incompatible 

interactions a common group of proteins were produced at a greater rate than in the compatible 

interactions. However the timing of the increase varied from 25 to 48 h depending on the gene 

involved. The most effective resistance gene showed the earliest increase in synthesis of these 

proteins. 

It can be concluded from the results quoted above that inoculation with a fungal 

pathogen has been shown to cause changes in gene expression in a number of host plants. These 

changes differ in compatible and incompatible interactions. In some systems the incompatible 

interaction involves increased synthesis of a specific group of proteins. In others both 

interactions show increased synthesis of the same group of proteins but continued synthesis only 

occurs in incompatible host. 

2.3.6 Changes in the Activity of Specific Enzymes following Infection. 

As discussed in 2.3.5 PAGE has shown the increased synthesis of some polypeptides 

following infection and the time course of this increase. If the synthesis of these polypeptides 

increases in resistant interactions but not in susceptible interactions they may be considered to be 
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involved in resistance. However this approach provides no infOlmation as to what these proteins 

are and how they function; An alternative approach is to study the activity of enzymes involved 

in processes that are altered by fungal infection. . 

One of the most common symptoms of successful infection of leaves by biotrophic 

fungi is a decline in photosynthesis (Habeshaw, 1979; Mitchell, 1979; Owera et al., 1981). In 

some of the studies of in vivo protein synthesis in infected cereals proteins of a comparable size to 

the rubisco subunits have shown a rapid decline compared with healthy plants (Manners and 

Scott, 1984; Sutton and Shaw, 1986). Using cDNA probes, Higgins et al. (1985) have confinned 

that there was a decline in the levels of mRNA for both large and small subunits of rubisco in 

barley following infection with a compatible race of powdery mildew. 

The changes in host protein synthesis following infection have led some workers to 

look at the enzymes involved in gene expression. When RNA polymerase II was isolated from 

wheat which had been infected with a virulent fungus, its specificity for transcription was found 

to be different to the same enzyme in healthy wheat (Pure et al., 1984). Ribonuclease, an enzyme 

involved both in RNA processing and degradation, has also been shown to change following 

compatible infections in wheat (Chakravorty et al., 1974), flax (Sutton and Shaw, 1982) and 

barley (Simpson et al., 1979; Barnes et al., 1988). 

In incompatible interactions, a common approach has been to assay for the enzymes 

that are involved in known resistance responses. Prime candidates have been the enzymes of the 

phenylpropanoid pathways. These pathways are important in the synthesis of lignin precursors 

and of some phytoalexins (Fig 2.4). The enzyme that regulates entry into the phenylpropanoid 

pathways is phenylalanine ammonia-lyase (pAL) (Jones, 1984). There are numerous reports of 

increased activity of this enzyme following infection or elicitor treatment (Bolwell et al., 1985; 

Robbins et al., 1985; Moerschbacher et al., 1988). As PAL regulates so much of secondary 

metabolism increases in PAL activity may be caused by many factors. When considering 

particular reponses it has been useful to study enzymes later in the pathways. Robbins et ai. 

(1985) have shown increases in the enzyme activities of the isoflavonoid pathway following 

infection with a virulent race of Colletotrichum lindemuthianum. They also found a ten-fold 

increase in the activity of peroxidase, important in production of lignin. As these changes occur 

in a compatible interaction, their significance in resistance is uncertain. Moerschbacher et ai. 

(1988) compared the activity of enzymes involved in lignin biosynthesis following inoculation of 

two isogenic lines of wheat which differed in their response to stem rust. They found that 

enzymes from both resistant and susceptible lines showed an initial transient increase in activity 
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A schematic outline of the pathways of phytoalexin and lignin production from 

phenylalanine. Some of the enzymes involved are shown in italics. Simplified from 

Robbins et al. (1985). 
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8-16 h after inoculation but only the resistant line showed a second prolonged increase starting 30 

h after inoculation. 

Increases in the activity of enzymes can have several explanations. They may be 

regulated allosterically or by covalent modification. As proteins are continually turned over in 

cells, raised levels of an enzyme may be due to a decrease in the rate of degradation. Finally the 

increase may be due to de novo synthesis. With the use of cDNA probes or immunoprecipitation 

of in vitro translations, infection has been shown to alter expression of defence-related genes in a 

variety of plants (Dixon et al., 1987; Collinge and Slusarenko, 1987). 

2.4 SUMMARY 

Plant defences against invasion by potential pathogens can be broadly considered in 

two categories. There are the general mechanisms which protect the plant from those organisms 

for which it is not considered a host. Most of these mechanisms are constitutive. Once a 

biotrophic species has overcome these defences and become a pathogen on the plant some" races 

may still be unable to colonise the host. This is due to cultivar-specific resistance and requires 

active responses by the plant. 

Cultivar-specific resistance has been shown to be inherited in a Mendelian manner, 

with the genes for resistance in the host and avirulence in the pathogen being dominant. This led 

Flor (1956) to propose the gene-for-gene hypothesis, which stated that cultivar-specific resistance 

required the interaction of the gene products of host resistance genes and fungal avirulence genes. 

The elicitor hypothesis attempts to link this genetic infonnation with a possible biochemical 

mechanism for resistance. As proposed by Keen (1975), it postulates that the products of the 

fungal avirulence genes are elicitors and the products of the host resistance genes are their 

receptors. Binding of the elicitors to their receptors triggers the active defence mechanisms. 

Changes in either elicitor or receptor could prevent binding and active defence leading to a 

compatible interaction. 

The resistance responses include hypersensitive necrosis, building of structural 

barriers, and production of phytoalexins. These responses, which are of potential use against 

many pathogens, are triggered by a wide range of compounds and probably also have a role in 

general wound repair. Also these responses involve the action of many genes. Thus the 

specificity of resistance lies in the trigger rather than the response. 
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In both the compatible and incompatible interactions there is considerable evidence 

that biotrophic infections alter the gene expression of their hosts. In compatible interactions the 

effects appear somewhat contradictory. There is morphological evidence of a delay in senesence 

possibly related to increased levels of cytokinins which maintain protein synthesis (2.3.3.1). 

However direct measurements have shown less protein synthesis in infected flax and wheat plants 

than in healthy controls (2.3.3.2). 

This decline in protein synthesis was not common to all proteins. Often the synthesis 

of chloroplast proteins has shown a rapid and continuing decline following inoculation. In 

several compatible interactions some cytoplasmic proteins have shown increased synthesis during 

the first day following inoculation but this did not continue past the second day. This may be 

related to the transient increase seen in activity of enzymes of pathways involved in defence 

reactions in some of these plants. 

Another reported change is in the substrate specificity of RNA polymerases and 

ribonucleases in compatible hosts. These changes may explain the different pattern of protein 

synthesis following inoculation. If they are necessary for successful infection they presumably do 

not require de novo protein synthesis by the host as application of transcription inhibitors after 

inoculation does not hinder susceptibility. 

The active resistance of the incompatible interaction does require protein synthesis 

and is prevented by inhibitors of transcription. The alterations in gene expression following 

infection vary with the plant-pathogen combination. In the oat-crown rust ru:td badey-powdery 

mildew interactions the resistance response is characterised by the increased synthesis of specific 

proteins. These increases are not seen in the compatible interactions. In contrast with the pea

Fusarium solani and the wheat-stem rust combinations both compatible and incompatible 

interactions show increased synthesis of specific proteins but this continues past the first day only 

in the incompatible interaction. 

The aim of the current work was to determine the changes in gene expression of 

barley following infection by P. hordei. It was intended to determine the nature and timing of 

the resistance response and how it differed from susceptibility. Proteins which show increased 

synthesis only in the incompatible interaction would be candidates for involvement in the active 

defence mechanism of the host. This approach was unlikely to uncover the proteins involved in 

recognition as these would be constitutive. 
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If the elicitor hypothesis is valid for barley and P. hordei the incompatible interaction 

would be expected to show earlier changes in its gene expression than the compatible interaction. 

Work with isogenic lines of barley and powdery mildew (Manners et al., 1985) has 

shown that the same proteins show increased synthesis in different gene-for-gene interactions. In 

tenns of the elicitor hypothesis this implies that a single group of defence mechanisms is under 

the control of several receptors. It would be interesting to detennine whether the same proteins 

show increased synthesis when barley responds to P. hordei. 



CHAPTER THREE 

THE EFFECT OF INFECTION ON PROTEIN SYNTHESIS BY 

FREE AND MEMBRANE·BOUND POLYSOMES 

3.1 INTRODUCTION 

3.1.1 Description of Work. 
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The initial aim was to develop a method for isolating membrane-bound and free 

polysomes from barley. This method was then used to study the changes in the proteins 

synthesised on these two classes of polysomes following infection of the barley cultivar, 

Triumph, with P. hordei. Two races of P. hordei were used, one virulent (race 141) and the other 

avirulent (race 65), to determine if differences in the outcome of infection could be related to 

differences in the host gene expression. 

Gene expression in the infected plants was detennined by in vitro translation of the 

polysomes. Polysomes consist ofmRNA being translated into proteins on ribosomes. 

Translation of the mRNA on the isolated polysomes was completed in vitro using a wheat genn 

cell-free system in the presence of radioactively labelled amino acids. Labelled polypeptides 

were analysed using SOS-polyacrylamide gel electrophoresis (SOS-PAGE) and the results 

visualised using fluorography. 

It was considered that the resistance response might involve membrane proteins 

(3.1.4) which are preferentially synthesised on membrane-bound polysomes (Morrison and 

Lodisch, 1975). Therefore the initial aim of this work was to separate the polysomes into two 

populations: those that were in the cytoplasm and those that were bound to the rough endoplasmic 

reticulum. 

Once a method for isolating membrane-bound polysomes had been developed, the 

next step was to extract the polysomes from infected plants 16 and 24 h after inoculation. These 

times were based on the work of Rwendeire and Barnes (1988) with barley and P. hordei. They 

showed that actinomycin 0, a transcription inhibitor, applied within 12 h of inoculation, would 
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allow fungal growth on a resistant cultivar (Fig. 2.3). Later application of actinomycin D had less 

effect on host resistance. If application was delayed until after 20 h fungal growth was similar to 

that in the untreated incompatible interaction. 

3.1.2 The Advantages of Using Polysomes 

The decision was made to extract polysomes as they give an indication of the proteins 

actively being synthesised at the time of extraction (Weeks, 1981). Another approach would have 

been to isolate total RNA and separate the mRNA on the basis of its poly A tail. Wagoner et al. 

(1982) and Davidson et al. (1988) have sucessfully used poly A RNA to study the effects of 

infection on gene expression in peas and barley respectively. However Weeks (1981) reported 

that some mRNAs were stored associated with proteins in an inactive form. Stored mRNAs were 

found to be a major proportion of the mRNA in seeds (Brooker et al., 1978) and potato tubers 

(Bryne and Setterfield, 1978). The conditions for RNA isolation would strip both stored and 

active mRNA of any associated proteins. Thus there was the possibility of translating in vitro 

messages that were not being translated in vivo. Also there is evidence that not all mRNAs have 

poly A tails; in mouse myeloma cells a fifth of the total mRNA was found to be poly A minus 

(Mechler and Rabbits, 1981). 

It was also possible to determine protein synthesis in vivo by feeding the plant 

isotopically labelled amino acids as described in Chapter 5. Polysome extraction had two 

advantages over this technique. The isotope labelling normally took a period of 1 to 3 h which 

meant that it was possible for some degradation or other modification of labelled polypeptides to 

occur. Also detachment of barley leaves increased protease activity (peterson and Huffaker, 

1975) and caused premature senesence (Davies, 1982). Both of these problems were avoided 

with the polysome isolation method. Detachment was followed by immediate cooling in liquid 

nitrogen and disruption of the cells. Thus in vitro translation was more likely to give a "snapshot" 

of protein synthesis at the time of detachment. 

Another advantage was that the in vitro translation system used, which was extracted 

from wheat germ, translated messages on 80S or cytoplasmic ribosomes in preference to those on 

chloroplast membranes (Manners and Scott, 1983). This allowed study ofleafprotein synthesis 

without the background of the polypeptides synthesised by the chloroplast genome. 
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Although the polysomes should have indicated the protein synthesis at the time of 

extraction, some of the· sizes of polypeptides may have differed from their final size in vivo. This 

was because proteins which are integrated into or pass through membranes have signal sequences 

which are cleaved by proteases in vivo but not in vitro (see 2.3.1), Also the polypeptides 

translated in vitro lacked other post-translational modifications such as glycosylation and 

phosphorylation. 

3.1.3 Methods of Polysome Isolation. 

Polysomes are readily isolated from plant extracts by centrifugation. The major 

problem in obtaining intact polysomes is the presence of ribonucleases (Davies and Larkins, 

1980). These enzymes, of which there are several classes, are important in the hydrolysis of RNA 

during processes such as post-transcriptional modification of RNA and senesence (Farkas, 1982). 

In vivo their actions are regulated by sequestration of up to 80% of the enzyme in the lysosomes 

(Boller and Kende, 1979). However the disruption of tissues during extraction brings them into 

contact with polysomes. 

Davies and Larkins (1980) have reviewed the effects of some of the compounds 

which have been included in extraction buffers to inhibit ribonuc1eases. Many of these have 

undesireable side effects such as ribosome precipitation or protein inactivation. Breen et al. 

(1971) found that alkaline conditions combined with a high ionic strength inhibited ribonuc1eases 

and used these conditions to isolate polysomes from barley seedlings. This inethod was 

characterised and refined by Larkins and coworkers (Davies et al., 1972; Larkins and Davies, 

1975; Jackson and Larkins, 1976; Larkins et al., 1976). The polysome isolation methods used in 

this work were based on their methods. 

3.1.4 Membrane-bound Polysomes. 

An important feature of the infection of cereals by rusts is that the fungus at no stage 

makes direct contact with the cytoplasm of the host cells. Electron micrographs show that the 

haustoria invaginate but do not penetrate the plasma membrane of host cells (Harder and Chong, 

1984). The establishment of viable haustoria is necessary for compatible interactions and 

haustorial disorganisation is the first visible effect of resistance on the rust (Heath, 1982), Also 

both compatible interaction and hypersensitive necrosis, one of the most common mechanisms of 
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cultivar-specific resistance, increase the penneability of host membranes (Novacky, 1983). Thus 

the host plasma membrane is an important area in the interaction of host and pathogen. 

It is possible to study the synthesis of membrane proteins separately from 

cytoplasmic proteins. Polysomes can be divided into two groups, some float freely in the 

cytoplasm and others are attached to the rough endoplasmic reticulum. These two groups are 

known as free and membrane-bound polysomes. In animals, the membrane-bound polysomes 

have been shown to code for those proteins that either are incorporated in membranes (Morrison 

and Lodish, 1975) or secreted (palade,1975; Vassalli et al., 1971). 

Membrane-bound polysomes appear to code for fewer proteins than cytoplasmic 

polysomes. For example, in mouse myeloma cells 20% of polysomal RNA was membrane-bound 

(Mechler and Rabbitts, 1981). The membrane-bound fraction contained about 200-250 different 

messages as measured by mRNA-cDNA hybridisation. In contrast, the free polysomes were 

translating about 8000 different messenger RNAs. Thus the membrane-bound polysomes provide 

a potentially simpler pattern of protein synthesis. 

In plants membrane-bound polysomes have been isolated from seeds (Larkins and 

Jackson, 1975; Larkins et al., 1976; Donovan et al., 1982). They have been used in the study of 

the synthesis of seed storage proteins. In cereals and legumes these proteins are stored in 

membrane-bound vesicles known as "protein bodies". Their synthesis makes up a very large 

proportion of seed protein synthetic activity. In wheat at 32 days after anthesis the membrane

bound polysomes were 75% of the total polysomes in the developing grain (Donovan et al., 

1982). 

Two basic approaches have been used for separating membrane-bound and free 

polysomes. In one the different densities of the rough endoplasmic reticulum and free polysomes 

were used to separate the fractions on a sucrose gradient (Bloeinendal et al., 1974). The other 

approach was to use differential centrifugation to precipitate the endoplasmic reticulum and then 

recover the membrane-bound polysomes from the pellet (Larldns et al., 1976). 
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3.1.S The Effect of Fungal Infection on Polysomes of Cereals. 

Although there are no reports of the use of membrane-bound polysomes to study the 

effect of fungi on the protein synthesis of their hosts several groups have used total polysomes. In 

wheat leaves, 3 days after infection by virulent wheat stem rust several size classes of 

polypeptides were synthesised in greater amounts than in the corresponding healthy leaves (Pure 

et al., 1979). Some of these increases were in polypeptides synthesised on 80S ribosomes, as 

shown by treatment with the inhibitor chloramphenicol (Pure et al., 1980). Later workers, 

looking at polysomal protein synthesis in the wheat stem rust system, were unable to detect any 

changes after infection (Greenland and Shaw, 1986). As they found differences in the in vivo 

protein synthesis, they considered this failure to be a result of the insensitivity of the polysome 

method. 

Infection of a susceptible cultivar of barley with powdery mildew decreases the 

ability of the chloroplast polysomes to synthesise proteins (Manners and Scott, 1983). This 

decline was measured over the 5 days following inoculation, using an E. coli cell-free translation 

system which translated chloroplast mRNA. These changes were not seen in resistant cultivars. 

No significant alterations in host gene expression were seen in the 5 days after inoculation when 

the polysomes were translated in a wheat germ system, which translates cytoplasmic proteins. 

In maize, fungal pathogens caused polysome dissociation and reduced protein 

synthesis within 48 hours (Wu et al.,1988). The synthesis of 4 polypeptides of molecular weight 

22, 23, 25 and 33 kDa was most affected. There was a good correlation between virulence of the 

pathogen and timing of these changes. Wu et al. (1988) proposed that a 57 kDa protein found 

associated with the maize polysomes following infection, heat-shock or paraquat treatment caused 

these changes. The purified protein when added to polysome preparations reduced their ability to 

synthesise proteins. The 57 kDa protein was shown to be pre-existing rather than synthesised 

after infection. 

In the barley-leaf rust interaction there is some evidence of a decline in the ratio of 

host polysomes to monosomes following infection (Rwendeire and Barnes, 1988). This occurred 

with either virulent or avirulent rust races but was difficult to measure against a background 

decrease in polysome content with age in the uninfected plants. 
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3.1.6 Conclusion. 

It is clear that the incompatible interaction between barley and P. hordei requires 

protein synthesis in the period immediately following infection (Rwendeire and Barnes, 1988). 

Infection also alters polysomes at a quantitative level (Rwendeire and Barnes, 1988). Because of 

the nature of the interaction between P. hordei and barley it is considered that proteins that are 

synthesised on membrane-bound polysomes may be important in the early stages of fungal 

infection. 
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3.2 METHODS 

3.2.1 Growth and Inoculation of Barley. 

Seeds of Hordeum vulgare cv. Triumph were grown in potting mix under lights. The 

lights were on from 4 am to 8 pm each day. The temperature was maintained at 18· and the 

humidity at 70%. Plants were inoculated 7 days after planting. 

The rust races normally used were 65, which was incompatible with Triumph, and 

141, a compatible race. Both races were collected by Dr M.F. Barnes from cultivated barley in 

Canterbury. They were isolated in Rangiora and Southbridge respectively. In some of the work. 

reported in this chapter the compatible race 103 was used because of early difficulties in the 

growth of race 141. Race 103, which was not as virulent on Triumph as race 141, was collected 

at Southbridge. The isolates 65, 103 and 141 have been assigned to different races on the basis of 

virulence on Triumph. 

The rust races were maintained on a susceptible cultivar, H. vulgare cv. Zephyr. The 

primary leaves of Triumph were inoculated by transfer of spores on a wet cotton bud. To ensure a 

high humidity the plants were then sealed in a plastic bag for 24 h. Control plants were 

inoculated with water. 

3.2.2 Equipment and Use of Chemicals. 

The centrifuges used were a Sorvall RC-5 Superspeed Refrigerated Centrifuge 

(Dupont Instruments) with an SS-34 fixed angle rotor, and an L8-70 Ultracentrifuge (Beckman) 

with Ty 65 and Type 70Ti fixed angle rotors and a SW 41 swingout rotor. 

Chemicals used were analytical grade or better where appropiate, and deionised water 

was used unless otherwise stated. 

3.2.3 Prevention of Contamination with Exogenous Ribonuclease. 

Ribonuc1eases are a major constraint on the extraction of intact polysomes (Davies 

and Larkins, 1980). They are also commonly found on equipment and it is important to inactivate 



them. The solutions, autopipette tips and mortars and pestles were treated to remove exogenous 

ribonuclease by autoclaving at 15 p.s.i for 20 min. Glassware was baked overnight at 2000 • 

Equipment that could neither be autoclaved or baked was soaked in 1 %(w/v) SDS at 600 for 15 

min and then rinsed with sterile distilled water. 

Hands are a source of pancreatic ribonuclease (Hall, 1979) and disposable gloves 

were worn at all times when working with polysomes. 

3.2.4 Separation of Membrane-bound and Free Polysomes. 

Three protocols were tested for the isolation of membrane-bound polysomes. All 

isolations were carried out at 40 . 

3.2.4.1 Differential Centrifugation Method. 

This protocol was an adaptation of one that had been developed to separate the two 

classes of poly somes from dark-grown pea stems (Larkins and Davies, 1975). About 8 g of 

primary barley leaves were picked 7 days after germination. These were cut into 0.5 cm 

segments, ground to a fine powder in liquid nitrogen and then transferred to a second mortar 

using a spatula previously cooled in liquid nitrogen. The change of mortars was necessary to 
, 
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prevent the extraction buffer freezing in the mortar which had been cooled in liquid nitrogen. The 

powder was respended in 20 m1 of extraction buffer (200 mM sucrose, 60 mM KCI, 50 mM 

MgCI2, 200 mM Tris-HCl, pH 8.5). 

The extract was filtered through muslin, then centrifuged at 500 g for 5 min. The 

supernatant was centrifuged at 40000 g for 30 min to separate the free and membrane-bound 

polysomes. The membrane-bound polysomes were then freed using 1 % Triton X-lOO and both 

polysome fractions purified by centrifuging through 60% sucrose at 160000 g for 90 min. 

3.2.4.2 Discontinuous Sucrose Gradient Method. 

In this protocol, adapted from Bloemendal et al. (1974), the free polysomes were 

separated from the microsomal fraction using a discontinuous sucrose gradient. An initial 
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centrifuge step (6000 g for 20 min) was incorporated to sediment mitochondria and chloroplasts 

while leaving as much of the microsomal fraction in solution as possible (Nagahashi and Hiraike, 

1982). Following this the supernatant was centrifuged on a discontinuous sucrose gradient where 

the free polysomes are sedimented through 2M sucrose while the microsomes which contained 

membrane-bound polysomes collected at the interface. The membrane-bound polysomes were 

released from the microsomes with the detergent Triton X-100. 

About 8 g of primary barley leaves were picked and extracted as described in 3.2.4.1. 

The only difference was that the extraction buffer contained 5 mM dithiothreitol (DTI). The 

extract was fIltered through 4 layers of muslin and then centrifuged in an 88-34 rotor for 5 min at 

1000 g to remove nuclei. The pellet was discarded and the supernatant centrifuged for 20 min at 

6000 g in an 88-34 rotor. The supernatant from this was split into six equal aliquots and each of 

these was layered on a discontinuous sucrose gradient, consisting of 1.5 mI of 1.15 M sucrose 

over 3 mI of 2 M sucrose in 40 mM Tris-HCl, pH 8.5 containing 20 mM KCl and 10 mM MgCl2. 

These gradients were centrifuged in a Ty65 rotor for 120 min at 160000 g. 

At the end of this run, the membrane-bound polysomes were found at the interrace of 

the two sucrose concentrations and the free polysomes in a pellet at the bottom of the tube. The 

interface from each tube was aspirated and pooled with the others. The pellets were resuspended 

in extraction buffer, pooled and stored at 40 C. 

The pooled interface fraction was made 2% (v/v) with respect to Triton X-IOO to 

release the membrane-bound polysomes. As ribonucleases were also released from the 

microsomes, heparin, a sulphated glycoprotein which inhibits ribonucleases (Akelehiywot et al., 

1977) was added at 500 units.mI-1. After mixing the solution was left to stand for 10 min. 

The resuspended free polysomes and the solubilised membrane-bound poly somes 

were then layered over 2 ml of2 M sucrose in Ty65 tubes and·centrifuged for 120 min at 160000 

g. The supernatants were aspirated and discarded. The pellets were resuspended in 20 mM 

HEPES-KOH, pH 7.6 containing 5 mM dithiothreitol. 

3.2.4.3 Differential Centrifugation with Ribonuclease-Inhibiting Buffer. 

This method, adapted from Larkins et al. (1976), used a differential centrifugation 

step similar to that used in the first method. The major change was in the extraction buffer. The 

extraction buffer used by Jackson and Larkins (1976), with its higher concentration of KCI and 



the addition of EOTA, proved better for obtaining intact polysomes from mature leaf tissue. A 

flow diagram of this protocol is shown in Fig. 3.1. 

About 8 g of primary leaves from 7 -day-old plants were picked and ground to a 

powder as described in 3.2.4.1. Twenty ml of extraction buffer (400 mM KCl, 200 mM sucrose, 

35 mM MgC12, 25mMEOTA in 200 mM Tris, pH 9.0) was added. This was ground for 5 min 

then strained through four layers of muslin and centrifuged at 500 g for 5 min in a SS-34 rotor. 

The supernatant was aspirated with a Pasteur pipette and centrifuged at 37000 g for 

10 min. This separated the free polysomes (supernatant) from the membrane-bound polysomes 

(pellet). The supernatant was stored and the pellet was resuspended in 5 ml of extraction buffer 

containing 1 % Triton X-100 (v/v) then recentrifuged at 37000 g for 10 min. 
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The supernatant from this spin, containing the released membrane-bound polysomes, 

and the supernatant containing free palysomes were each layered over 4 ml sucrose cushions (200 

mM KCl, 30 mM MgC12, 5 mM EOTA, 40 mM Tris, pH 9.0 containing 60% sucrose) and 

centrifuged at 160000 g for 120 min in a Ty 65 rotor. The pellets were resuspended in 50-100 ,d 

of resuspension buffer (5 mM DTT in 20 mM HEPES-KOH, pH 7.6). 

3.2.5 Assay for Cytochrome C Reductase 

Cytochrome C reductase has been used as a marker for membrane .. bound polysomes 

in bean cotyledons (Bollini and Chrispeels, 1979). The assay mixture consisted of 1.6 mg 

Cytochrome C, 1.0 mg NADH, 4 ~ol KCN and 160 "anal potassium phosphate, pH 7.5, in a 

'total volume of 2.0 ml. The reaction was started by addition of extract and followed by 

measuring absorbance at 550 nm. 

3.2.6 Analysis of Polysome Profiles. 

The polysomes were layered on a 10 mllinear gradient from 15 to 60% sucrose in 40 

mM Tris-HCl, pH 8.5 containing 20 mM KCl and 10 mM MgCl2. These were centrifuged in an 

SW4l rotor at 160000 g for 120 min. 



Fig 3.1 
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Flow chart of the method for separarating free and membrane-bound polysomes. 

This flow chart refers to the method described in 3.2.4.3 which involves separation of 

the free and membrane-bound polysomes by differential centrifugation. 

Picked 8 g of barley leaves. 

I 
Ground to a powder under liquid nitrogen. 

I 
Extracted in 20 ml of extraction buffer. 

r 
Supernatant 

I 

I 
Strained through muslin. 

I 
Centrifuged (SOO g for S min) 

I • 
Precipitate 

I 
Discarded Centrifuged (37000 g for Smin) 

I , , 
Supernatant Precipitate 

(Contains free polysomes) (Contains membrane-bound polysomes) 

I , 
Stored at 40 . Resuspended in extraction buffer 

containing 1 % Triton X-l00. 

I 
Centrifuged (37000 g for 10 min). 

I . , 
Supernatant 

Layered on to 60% sucrose cushions and centifuged. 

(160000 g for 120 min) 

I 
Pellets resuspended for translation. 

.. 
Pellet 

Discarded 
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The gradient was pumped from the bottom through a Pharmacia absorbance monitor 

set at 254 nm. 

3.2.7 Cell Free Translation in a Wheat Germ System 

The isolated polysomes were translated in a wheat germ cell-free system. This was 

preferred to the rabbit reticulocyte cell-free system (pelham and Jackson, 1976), as it was easy to 

produce and was known to be able to translate barley polysomes efficiently (Rwendeire, 1985). 

The method used (Marcu and Dudock, 1974) gave an extract that contained ribosomes. These 

were not necessary for translation of poly somes and could be removed by centrifuging at 147,000 

g for 150 min (Manners and Scott, 1983). However Rwendeire (1985) had found that this 

treatment lowered the efficiency of the wheat germ extracts, possibly due to the precipitation of 

soluble factors and so this centrifugation was omitted. 

Preparation of Wheat Germ Extract. 

Preparation of the extract was by an adaptation of the method of Marcu and Dudock 

(1974). The wheat germ used was direct from the mills ofD.H. Brown Ltd (Christchurch, New 

Zealand) and 6 g were ground with sterilised acid-washed sand for 1 min at 4· , then 12 ml of 

extraction buffer (100 mM KCl, 1 mM Mg acetate, 2 mM CaC12, 1 mM DTT in 20 mM HEPES

KOH, pH 7.6) was added. The slurry was ground for a further 30 s and then centrifuged at 30000 

g for 12 min in a SS-34 rotor. The supernatant was aspirated with a Pasteur pipette, taking care to 

avoid the lipid layer, and applied to a 30 x 2.5 cm 0-25 Sephadex column previously equilibrated 

in column buffer (120 mM KCl, 5 mM Mg acetate, 1 mM DTT in 20 mM HEPES-KOH, pH 7.6) 

and pumped at 240 ml.h-1 using a peristaltic pump. 

Fractions from the first half of the eluting peak were collected and pooled. The 

pooled extract was separated into 300 "u aliquots, frozen in liquid nitrogen and stored at -70· for 

up to 6 months. At the end of this time a new extract was prepared. 

Polysome Translation. 

Translation of the polysomes was normally carried out in a 50-"u total volume 

containing the following final concentrations: 1 mM ATP, 0.2 mM OTP, 8 mM creatine 

phosphate, 12 international units of creatine phosphokinase, 44 mM and 64 mM potassium 
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respectively for membrane-bound and free polysomes (24 mM KCl and the rest K acetate), 1 mM 

Mg acetate, 8'0 "aM of each of the unlabelled amino acids, 5 "Ci 35S-methionine (1100-1200 

Ci/mmol) or 3H-leucine, 2 mM DTT, 0.2 mM spermidine, 20 mM HEPES-KOH, pH 7.6 and 15 

~ of wheat germ extract. The reaction was started by adding a cocktail of these ingredients to the 

polysomes. Normally 1 A260 unit of free polysomes or 0.6 A260 units of membrane-bound 

polysomes was used per assay. The mixture was incubated at 28· for 45 min. A 5 ~ sample was 

taken to determine incorporation of radioactive label and the remainder was stored at -180 until 

required for electrophoresis. 

The samples for scintillation counting were added to 1.0ml of 10% TCA and then 

incubated at 90· for 20 min. After cooling on ice they were filtered through Whatman GF/C 

paper and washed twice with 5% TCA and once with 95% ethanol. The filters were transferred to 

vials and dried at 100· for 30 min. Once the dry vials had cooled 5 ml of scintillation fluid 

(0.4% PPO, 0.005% POPOP in toluene) was added and the samples were counted on either an 

LKB 1219 Rackbeta or a Phillips PW 4700 Liquid Scintillation Counter. 

3.2.8 Electrophoresis in SDS-polyacrylamide Gradient Gels 

Translation products were analysed on denaturing polyacrylamide gels (160x160x1.0 

mm) with a linear 5-20% gradient. The gels were run using the Protean II vertical electrophoresis 

system (Biorad) in an adaptation of the methods of Laemmli (1970). The two solutions were 

prepared in 100-ml Buchner flasks as follows: 



acrylamide stock 
(28.38% acrylamide 1.62% bis acrylamide) 

separating gel buffer stock 
(1.5 M tris-HCl, pH 8.8) 

deionised water 

glycerol (70% v/v) 

5% 
2.2m1 

3.3m1 

7.5ml 

20% 
8.7ml 

3.3ml 

1.0ml 

After these solutions were degassed using a vacuum pump the following catalysts were 
added: 

TEMED 1O,u 1O,u 

ammonium persulphate (10% w/v) 40,u 20,u 

These solutions were added to the gradient mixer and pumped into the gel mould. 

The gel was overlayered with water saturated sec-butanol and allowed to set 
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A 10 ml stacking gel was made up from I m1 of acrylamide stock, 2.5 m1 of stacking 

gel buffer stock (0.5 M Tris-Hel, pH 6.5) and 6.5 m1 of water. This mixture was degassed and 10 

,u TEMED and 60,u 10% w/v ammonium persulphate added. The overlay was removed from 

the gradient gel and the stacking gel added. A sample comb was used to create 15 wells. 

Samples for electrophoresis were heated for 5 min at 90· with an equal volume of 

SDS-buffer (3% mercaptoethanol, 2% SDS, 0.1 % bromophenol blue and 10% glycerol in 62.5 

mM Tris-Hel, pH 6.5). The volume of each sample was detennined so that, as near as pacticable, 

equal numbers of TeA-precipitable counts were loaded in each lane. 

Marker proteins from Sigma chemicals were used to detennine molecular weights. 

For most gels the high molecular weight standard mixture (SDS-6H) was used and this consisted 

of the following proteins: carbonic anhydrase (29 kDa), ovalbumin (45 kDa), bovine serum 

albumin (66 kDa), phosphorylase B (97.4 kDa), galactosidase (116 kDa) and myosin (205 kDa). 

The DALTON MARK VII-L mixture (SDS-7) was also used. This kit included the first 3 

proteins listed above plus glyceraldehyde-3-phosphate dehydrogenase (36 kDa), trypsinogen (24 

kDa), trypsin inhibitor (20.1 kDa) and lactalbumin (14.2 kDa). 
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Electrophoresis was carried out in a Tris-glycine buffer (0.025 M Tris, 0.192 M 

glycine, 0.1 % SDS) at pH 8.8 at 30 rnA. When the bromophenol blue reached the bottom of the 

gel, usually after 210 min, the power was turned off. The gels were stained overnight to detect 

the molecular weight markers using 0.125% Coomassie brilliant blue R in 5% acetic acid and 

50% ethanol. Destaining involved shaking the gel in 45% ethanol, 5% acetic acid. The gels were 

photographed on a light box. 

3.2.9 Preparation of Gels for Fluorography 

Low energy isotopes like tritium and to a lesser extent 35S require long exposure 

times to be detected by autoradiography. These times can be shortened by incorporating tIuors in 

the gel. Three methods were used for fluorograpbing the gels in this work. A fourth method 

involving the commercial reagent Amplify (Amersham International pIc.) was used for the two

dimensional gels in Chapter 6 and is described in 6.2.4. 

3.2.9.1 Fluorography using the commercial reagent Enhance. 

After de staining the gels were gently agitated in 100 m1 of Enhance autoradiography 

enhancer (New England Nuclear) for 1 h. The Enhance was poured off and stored for reuse. 

Water was added to the gels to precipitate the tIuor. The gels went white and were agitated for a 

further 1 h before drying (3.2.10). 

3.2.9.2 Fluorography using DMSO-PPO. 

Bonner and Laskey (1974) described this method which used PPO as the fluor. As 

PPO was not water soluble the gel had to be dehydrated in DMSO first. 

The destained gel was dehydrated using three 30 min washes in 100 ml of DMSO 

and soaked in 100 m1 of 22% PPO in DMSO for an hour. Thiswas followed by rinsing for 20 

min in running tap water. The gel was soaked in 200 m1 of a 20% glycerol solution for 40 min. 
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3.2.9.3 Fluorography using sodium salicylate. 

This method (Chamberlain, 1979) used a water-soluble fluor which was less toxic 

than the other two. The destained gel was washed with tap water for 30 min and then agitated in 

200 m1 of 1 M sodium salicylate, pH 6.0 for 30 min. 

3.2.10 Drying Gels and Developing Fluorographs 

After impregnation with the fluor, the gel was floated on to Whatman 3M paper and 

covered with cellophane which had been soaked in methanol and then rinsed with distilled water. 

The gel was dried under a vacuum of 750mm Hg using a Model 443 Slab Dryer (Biorad). For the 

sodium salicylate and DMSO-PPO methods the gel was dried at 800 for 2 h. The fluor in 

Enhance is volatile at 800 and when this method was used the gel was dried for 3 h at 600 • 

Radioactivity on the gels was detected by exposure to X-omat AR 5 (Kodak) fIlm at 

-70·. The exposed film was developed in complete darkness using Liquid X-ray developer type 

2 (Kodak). 

The resulting fluorograph was scanned to quantify the labelled polypeptides using 

transmitted light on a GS-300 transmittance/ reflectance scanning densitometer (Hoefer Scientific 

Instruments). The scans were stored on an IBM AT-compatible microcomputer using the GS-365 

data system (Hoefer Scientific Instruments). This made it easier to compare different scans. 
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3.3 RESULTS 

3.3.1 Growth of P. hordei on Barley. 

Both races grew well on the susceptible cultivar, Zephyr, and produced spores by the 

seventh day (Fig 3.2) after infection. On the Triumph the first symptoms were lighter coloured 

flecks on the leaves three days after infection. These symptoms occurred in both the compatible 

and incompatible interactions. In the compatible interaction (race 141 or 103) there was 

production of spores by the eighth day (Fig 3.3a). The spores were associated with chlorotic 

areas. With the avirulent race (race 65) there was no production of spores and instead only brown 

necrotic spots appeared (Fig 3.3b). The leaves infected with the avirulent race of P. hordei often 

showed considerably more chlorosis and suffered more damage than those infected with the 

virulent race. 

3.3.2 Isolation of Membrane-bound Polysomes 

The aim of the first method (3.2.4.1) was to separate the free and membrane-bound ... 
polysomes by differential centrifugation. These preparations gave a free polysome profile 

dominated by monosomes (Fig 3.4a). 

It was decided to try to separate the two fractions using density gradient 

centrifugation (3.2.4.2) as described for polysomes from rat liver (Bloemendal et al., 1974). The 

resulting proftles for free and membrane-bound polysomes are shown in Figure 3.4b. Although 

this method gave reasonable quality free polysomes the membrane-bound polysomes showed 

evidence of ribonuclease attack. 

The method finally developed (3.2.4.3) combined the differential centrifugation step, 

similar to the first method (Larldns et al., 1976), with a buffer developed for isolating polysomes 

from mature tobacco leaves (Jackson and Laridns, 1976). The polysome proftles obtained 

showed much less breakdown (Fig. 3.4c). Particularly noticable was the high average molecular 

weight of the membrane-bound polysomes. From 14 extractions the mean yield of membrane

bound polysomes was 0.93 A260 units/g of leaf tissue, with a standard deviation of 0.26. This 

was one fifth of the total polysomes, as the average yield of free polysomes was 3.6 A260 units/g 

with a standard deviation of 0.86. 



Fig 3.2 Maintenance of fungal inoculum. 

The P. hordei races 141 (a) and 65 (b) were maintained on the susceptible barley 

cultivar Zephyr. The primary leaves of 7-day-old seedling were inoculated with 

urediospores. These photographs show the formation of pustules 7 days after 

inoculation. 
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Fig 3.3 Growth of fungi on the barley cultivar, Triumph. 

• 

The primary leaves of7-day-old seedlings of Triumph were inoculated withP. hordei 

spores. 

(a) Pustules containing urediospores 8 days after inoculation 

with the compatibleP. hordei race 141. 

(b) Hypersensitive reaction 8 days after inoculation with the 

incompatible P. hordei race 65. 



Fig 3.4 	 Sedimentation profile of free and membrane-bound polysomes 

isolated from Triumph. 

The polysomes isolated by each of the three methods described in 3.2.4 were layered 

on to lO-mllinear 15-60% sucrose gradients and analysed by sedimentation for 120 

min at 160000 g on a SW41 rotor (3.2.6). In each figure the free polysome profile is 

represented by the solid line and the profile of the membrane-bound polysomes by 

the broken line. 

(a) Profile of free and membrane-bound polysomes isolated by differential 

centrifugation (3.2.4.1). 

(b) Profile of free and membrane-bound polysomes isolated by density gradient 

centrifugation (3.2.4.2). 

(c) Profile of free and membrane-bound polysomes isolated by differential 

centrifugation using a ribonuclease- inhibiting buffer (3.2.4.3). 
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3.3.3 Distribution of Cytochrome C reductase in barley. 

To establish whether the yields of membrane-bound polysomes were due to low in 

vivo levels or were a result of the isolation method, a marker enzyme for the endoplasmic 

reticulum was assayed. As Bollini and Chrispeels (1979) had found that NADH cytochrome C 

reductase was associated with the endoplasmic reticulum in bean cotyledons, this enzyme was 

used. 
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The plant extract was centrifuged for 20 min at 30000 g. This precipitated 90% of the 

marker in bean cotyledons (Bollini and Chrispeels,1979) but only 20% in barley. High-speed 

centrifugation was then tried and it was found that 100000 g for 60 min removed 60% of the 

enzyme. Speeds greater than this showed no significant increase in sedimentation. 

Thus in barley a significant proportion of the enzyme is cytoplasmic and is not a 

suitable marker for the endoplasmic reticulum. Similar results have been obtained for the 

distribution of this enzyme in extracts from com (Zea mays L.) roots (Nagahashi and Hiraike, 

1982). 

3.3.4 Effect of Infection on Membrane-bound Polysomes 

The effect of infection on the yield of poly somes (A260 units/g) was studied at 16 h 

after inoculation (Table 3.1). Analysis of variance by the Minitab statistical package confirmed 

that there were no significant differences in the yield of either free or membrane-bound 

polysomes following infection, compared to those isolated from uninfected control plants. 



TABLE 3.1 

Effect of Infection on Yield of Free and 

Membrane-bound Polysomes 

Yield of Polysomes (A260 units/g) 

N Membrane-bound Free 

Untreated leaves 

(six extractions) 

Incompatible interactions 

(four extractions) 

Compatible interactions 

(four extractions) 

6 

4 

4 

1.1 (0.3) 3.8 (1.1) 

0.8 (0.2) 3.2 (0.6) 

0.9 (0.2) 3.6 (0.4) 

Flag leaves of 7-day old Triumph barley were inoculated with either a compatible 

(race 141) or an incompatible (race 65) race of P. hordei. The free and membrane-bound 

polysomes were isolated from these leaves and from untreated leaves 16 h after infection. The 

fmal isolation protocol described in the methods section was used. N = number of extractions. 

Figures in brackets are the standard deviation of the mean. 

3.3.5 Characterisation of Translation System 
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The wheat germ translation system (Marcu and Dudock, 1974) was tested to 

determine its cation requirements and stimulation by added polysomes. Titration of potassium 

with free polysomes revealed a broad peak with an optimum concentration for potassium of 64 

mM (Fig 3.5a). Highest incorporation of label with membrane-bound polysomes was at the lower 

potassium concentration of 44 mM (Fig 3.5b). Levels of Mg2+ higher than the 1.0 mM 

endogenous to the wheat germ extract inhibited translation of free polysomes (Fig 3.5c). 



Fig 3.5 The requirement of the translation system for cations. 

The 50w. assays were carried out and incorporation of radioactive label detennined as 

described in 3.2.7. All components were added apart from the cation being tested. 

(a) Dependence of the translation of free polysomes on addition of potassium ions. 

(b) Dependence of the translation of membrane-bound polysomes on addition of 

potassium ions. 

(c) Dependence of the translation of free polysomes on the addition of magnesium 

ions. 
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Translation was optimally stimulated by 1.0 A260 unit of free polysomes and 0.6 
.", 

A260 units of membrane-bound polysomes (Fig 3.6). Higher levels of either reduced 

incorporation of radioactivity, indicating that some inhibitor of translation was present in these 

polysome preparations. 

The background levels of incorporation ranged from less than 1x104 to 5x104 cpm per 

assay. Stimulation of incorporation with addition of polysomes varied from 2 to more than 100 

times background. 

3.3.6 Separation and Visualisation of Translation Products 
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The isolated polysomes were translated and the labelled polypeptide products 

separated by SDS-PAGE and visualised by fluorography. There are several reports in the 

literature of wheat germ translation systems being unable to synthesise large polypeptides 

(Davies,1976; Shih and Kaesberg, 1976). The incorporation ofspennidine has been shown to 

alleviate this problem (Davies et al., 1977; Morch et al., 1986). Fluorographs of the translated 

products from the current work show that the system was able to translate polypeptides of greater 

than 100 kDa. 

Initially the labelled polypeptides were separated on 10% acrylamide-SDS slab gels. 

These did not provide enough resolution so all the later work was done using gels with a linear 

gradient of 5-20% acrylamide. Because of the nature of the apparatus and occasional changes in 

volume with degassing the gradients were not always consistent. 

To overcome problems with foaming during degassing SOS was omitted from the gel 

solutions; it was retained in the sample and reservoir buffers. Since SDS moves more quickly in 

the electric field than the polypeptides, they will always be in an environment of SDS (Wykoff et 

al., 1977). 

To observe the labelled products it was necessary to introduce a fluor into the gels. 

In the early stages the proprietary solution, Enhance (New England Nuclear), was used (3.2.9.1). 

However with the number of gels run the cost became prohibitive. The OMSO-PPO method of 

Bonner and Laskey (1974) was more time consuming but gave equivalent resolution and 

sensitivity (3.2.9.2). 
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An alternative method using sodium salicylate as a fluor was tried (Chamberlain, 

1979). This had the advantages of being relatively non-toxic and not requiring the dehydration 

steps. Unfortunately there was less resolution than with the other methods (Fig 3.7). 

During drying of the gels there were a lot of problems with cracking. This was 

particularly noticeable at the 20% end of the gels. Changing the material covering the gel from 

"Gladwrap" to cellophane helped and soaking the gel for 40 min in 20% glycerol before drying 

reduced the cracking but there were still problems with some gels. The cracking tended to get 

worse with the freezing and thawing which accompanied fluorography. 

3.3.7 Comparison of the Products of Free and Membrane-bound Polysomes. 

The labelled translation products of polysomes isolated from barley plants 16 h after 

inoculation with P. hordei were separated by SDS-PAGE and revealed by fluorography (Fig 

3.8.i). To enable comparison between amounts of polypeptides on different lanes of the gel each 

lane was scanned as described in 3.2.10 (Fig 3.8.ii). The Hoefer GS365 Data System allowed 

direct comparison of different scans using an overlay function. 

The fluorograph and scans showed considerable differences between the products of 

free and membrane-bound polysomes. The products of membrane-bound polysomes (lanes 4 and 

5 on Fig 3.8i) contained a greater proportion of polypeptides with molecular weights greater than 

45 kDa than those from free polysomes (lanes 1,2 and 3 on Fig 3.8i). The fluorographed products 

of free and membrane-bound polysomes from control leaves were scanned (Fig 3.8.ii.a) and these 

confirmed the higher average molecular weight of the products from membrane-bound 

polysomes. This could be expected from the profIles of these 2 classes of polysomes (Fig 3.4c) 

where the average size of membrane-bound polysomes was larger. 

The scans of products from free and and membrane-bound polysomes (Fig 3.8.iLa) 

show some similarities up to 45 kDa suggesting that the synthesis of some polypeptides was 

common to both pools of polysomes. 



Fig 3.7 Fluorograph of radiolabelled polysomal products separated by SDS-PAGE and 

prepared for fluorography using the sodium salicylate method (Chamberlain, 1979). 

Total polysomes were isolated as described in 4.3.1 from leaves 12 and 16 h after 

inoculation with water or spores of either the avirulent race 65 or the virulent race 

141 of P. hordei. The numbers to the right of the fluorograph refer to the molecular 

weight in kDa of the marker proteins as described in 3.2.8. 

The lanes contained products of the translations of polysomes from: 

(1) no added polysomes. 

(2) leaves 12 h after inoculation with water. 

(3) leaves 12 h after inoculation with the incompatible race 65. 

(4) leaves 12 h after inoculation with the compatible race 141. 

(5) leaves 16 h after inoculation with water. 

(6) leaves 16 h after inoculation with the incompatible race 65. 

(7) leaves 16 h after inoculation with the compatible race 141. 
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3.3.8 Effect of Infection on Protein Synthesis by Free and Membrane

bound Polysomes. 
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Polysomes were isolated from plants showing compatible and incompatible 

interactions at 16 and 24 h after infection. The free and membrane-bound polysomes were 

translated and the labelled proteins separated by SDS-PAGE. The gels were fluorographed and 

the fluorographs scanned as described in 3.2.10. The fluorographs and scans are shown in Fig 3.8 

and 3.9. Each scan shows 2 lines. In these and all subsequent scans the darker line is of the 

polypeptides from the control plants while the other line is of polypeptides from infected plants. 

There seemed to be little difference between the scans of products of free polysomes 

from the untreated plants and from plants 16 h after inoculation with the incompatible race (65) 

(Fig 3.8.ii.b). The scan of the labelled products from polysomes isolated 16 h after inoculation 

with the compatible race (103) showed a higher proportion of polypeptides below 29 kDa than the 

scan of products from uninfected plants (Fig 3.8.iLc). The products of membrane-bound 

polysomes from barley infected with the avirulent race (65) of rust were also similar to those from 

untreated plants at 16 h after infection (F~ 3.8.iLd). There was no analysis of the productS of 

membrane-bound polysomes from the compatible interaction (race 103) at 16 h after inoculation 

as not enough membrane-bound polysomes were isolated for translation. 

The fluorograph of the products of free polysomes at 24 h after inoculation showed 

poor resolution (Fig 3.9.i lanes 1-3) which prevented detection of any differences and therefore 

scans of these lanes were not included. Comparison of the products of membrane-bound 

polysomes was made more difficult by the underloading of the lane containing the products from 

the uninoculated plants (lane 4, Fig 3.9.i). When these lanes (4-6) were scanned the GS365 Data 

System (Hoefer) was used to make each scan of similar s~e. This made comparison of scans 

easier. The scans of membane-bound polysomes from plants infected with the avirulent race (65) 

showed increased synthesis of polypeptides with sizes between 35 and 45 kDa (labelled 1 in lane 

5, Fig 3.9.i; Fig 3.9.ii.a) by 24 h after inoculation. At the same time after inoculation membrane

bound polysomes isolated from plants infected with the virulent rust race (103) showed increased 

synthesis of polypeptides in the 35-50 kDa size range (labelled 1 in lane 6, Fig 3.9.1; Fig 3.9.ii.b) 

and also of polypeptides with molecular weights greater than 100 kDa when compared with 

synthesis from untreated plants (2 in lane 6, Fig 3.9.i; Fig 3.9.iLb). 



Fig 3.8i 	 Auorograph of radiolabelled products of free and membrane-bound polysomes 

isolated 16 h after inoculation. 

Primary leaves of7-day-old barley seedlings were inoculated with urediospores of 

P. hordei and 16 h after inoculation the membrane-bound and free po1ysomes were 

isolated as described in 3.2.4.3. The po1ysomes were translated using 35S. 

methionine (3.2.7) and separated by gradient SDS-PAGE (3.2.8). The gels were 

prepared for tluorography using Enhance (3.2.9) then exposed and developed as 

described in 3.2.10. The numbers to the right of the tluorograph refer to the 

molecular weight in kDa of the marker proteins as described in 3.2.8. 

The lanes contained: 

(1) 	 Products of free polysomes from control leaves. 

(2) 	 Products of free polysomes from leaves infected with the incompatible P. 

hordei race 65 

(3) 	 Products of free polysomes from leaves infected with the compatible P. hordei 

race 103. 

(4) 	 Products of membrane-bound polysomes from control1eaves. 

(5) 	 Products of membrane-bound polysomes from leaves infected with the 

incompatible P. hordei race 65. 
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Fig 3.8ii 	 Densitometer scans of the products of polysomes isolated from leaves 16 hours after 

inoculation. 

These scans are of the fluorograph in Fig 3.8i and were generated by a Hoefer GS

300 densitometer as described in 3.2.10. The numbers refer to molecular weight in 

kDa of marker proteins as described in 3.2.8. In scans b-d the darker line is of the 

products from control plants. 

(a) 	 Comparison between scans of the products of free and membrane-bound 

polysomes. The scan of free polysome products from control leaves Oane 1) 

was overlaid with that of membrane-bound polysome products from the same 

leaves (lane 4). The scan of the free polysome products is the darker line. 

(b) 	 The scan from translation products of free polysomes from control leaves Oane 

1) overlaid with those from leavs inoculated with spores from the incompatible 

P. hordei race 65 Oane 2). 

(c) 	 The scan from translation products of free poly somes from control leaves (lane 

1) overlaid with those from leaves inoculated with spores from the compatible 

P. hordei race 103 (lane 3). 

(d) 	 Densitometer scans of the products of membrane-bound polysomes isolated 

from leaves 16 hours after inoculation with spores of the incompatible the P. 

hordei race 65. The scan from control leaves (lane 4) was overlaid with that 

from leaves inoculated with P. hordei race 65 (lane 5). 
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Fig 3.9i 	 Fluorograph of radiolabelled products of free and membrane-bound poly somes 

isolated 24 h after inoculation. 

Primary leaves of 7 -day-old barley seedling were inoculated with urediospores ofP. 

hordei and 24 h after inoculation the membrane-bound and free poly somes were 

isolated as described in 3.2.4.3. The polysomes were translated using 35S_ 

methionine (3.2.7) and separated by gradient SDS-PAGE (3.2.8). The gels were 

prepared for fluorography using Enhance (3.2.9) then exposed and developed as 

described in 3.2.10. The numbers to the right of the fluorograph refer to the 

molecular weight in kDa of the marker proteins as described in 3.2.8. The numbers 

on the fluorograph indicate areas referred to in the text (3.3.8). 

The lanes contained: 

(1) 	 Products of free polysomes from control leaves. 

(2) 	 Products of free polysomes from leaves infected with the incompatible P. 

hordei race 65 

(3) 	 Products of free polysomes from leaves infected with the compatibleP. hordei 

race 103. 

(4) 	 Products of membrane-bound poly somes from control leaves. 

(5) 	 Products of membrane-bound polysomes from leaves infected with the 

incompatible P. hordei race 65. 

(6) 	 Products of membrane-bound polysomes from leaves infected with the 

compatible P. hordei race 103. 
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Fig 3.9ii 

ij 

Densitometer scans of the products of membrane-bound poly somes isolated from 

leaves 24 hours after inoculation. 

These scans are of the fluorograph in Fig 3.9 and were generated by a Hoefer GS-

300 densitometer as described in 3.2.10. The numbers along the bottom of each 

scan refer to the molecular weights in kDa of the marker proteins as described in 

3.2.8. The darker line in each scan is of the products from control plants. The 

numbers on the scans indicate areas referred to in the text (3.3.8) 

(a) The scan from control leaves (lane 4) overlaid with that from leaves inoculated 

with lbe incompatible P. hordei race 65 (lane 5). 

(b) The scan from control leaves (lane 4) overlaid with that from leaves inoculated 

with the compatible P. hordei race 103 (lane 6). 

\ 

\ 

\ 

206 116 97 66 45 29 

t 205 116 97 66 45 29 

L_ .'-._~ .. _ -'--___ J~_ '&'_'_. __ ~ _~ __ -'-___ ...... ___ ,. ___ -'--_ _L.A... _, ___ .L ___ ...1 __ --'- __ .__ . __ -' ___ _ 

------- Gel Length ----II .. ~ 

60 



61 

3.4 DISCUSSION 

To study the importance of protein synthesis in detennining the outcome of fungal 

infection it was first necessary to compare the effect on the host plant of compatible and 

incompatible interactions. Earlier work (Rwendeire, 1985) compared different race-cultivar 

combinations. That approach made it difficult to detennine whether differences in the pattern of 

protein synthesis were due to incompatibility or to differences in cultivars. The ideal solution 

would have been to use near-isogenic cultivars which differed in their response to a single P. 

hordei race. However as these were not available it was decided to inoculate a single cultivar 

with virulent and avirulent races. 

The outcome of infection of Triumph with the 3 races of P. hordei differed, with 103 

and 141 able to produce spores while 65 elicited a necrotic response characterised by brown spots 

on the leaves. The method of spore application, rubbing with a cotton bud, made it difficult to 

ensure that similar amounts of spores were applied in each experiment. Thus it was not possible 

to quantify the compatible interaction in Triumph compared with that in Zephyr. However spore 

production took longer (8 instead of 7 days) and there appeared to be fewer pustules on the 

Triumph. This may be due to some partial resistance mechanisms in Triumph (2.2.5). 

Another feature of the reaction of Triumph to P. hordei was that the infected leaves 

exhibited more chlorosis than in the infected Zephyr. Leaves reacting incompatibly to race 65 also 

showed extensive damage. Sutherland and Lennard (1987) have reported that Triumph and 

related cultivars show a cultivar specific browning or necrotic spotting. This was associated with 

stress factors such as high temperature, herbicide damage and powdery mildew infection. With 

powdery mildew, some cultivars, including Triumph, showed a high ratio of browning to mildew 

levels. Sutherland and Lennard (1987) interpreted this as resulting from intennediate levels of 

resistance. Underlying these visible alterations it was assumed that there would be changes in the 

pattern of host protein synthesis. 

As discussed in 3.1.4, it was decided to use membrane-bound polysomes. Other 

workers have found the isolation of intact polysomes from cereal leaves a difficult task 

(Rwendeire, 1985; Laroche and Hopkins, 1987). In this work this has been achieved using a 

buffer system devised for tobacco leaves by Jackson and Larkins (1976). The polysomes were 

isolated into two pools, a cytoplasmic fraction and a membrane-associated fraction, by differential 

centrifugation (Larkins et al., 1976). The membrane-associated pool comprised a fifth of the 
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polysomes extracted from barley leaves. These pools had different profiles on sucrose density 

gradients and synthesised different polypeptides in vitro (3.3.7). There may, however, have been 

some contamination of the membrane-bound fraction due to cytoplasmic polysomes being 

trapped within membrane vesicles formed after disruption of the cells. These polysomes would 

then be freed along with the membrane-bound polysomes by the Triton X-100. 

The size range of polypeptides synthesised in vitro from membrane-bound polysomes 

indicated that there was little degradation of these polysomes during isolation and also that the 

wheat germ translation system was working satisfactorily. The free polysomes synthesised a 

greater proportion of low molecular weight polypeptides and may have suffered some polysome 

breakdown. 

Comparison of products of membrane-bound polysomes from healthy and infected 

plants showed that some changes occurred. These were most marked in the compatible 

interaction at 24 h after inoculation, with relative increases in the synthesis of proteins in the 35-

50 kDa and above 100 kDa regions. The incompatible interaction also showed an increase in 

synthesis of proteins between 35 and 45 kDa relative to uninoculated controls. 

Although these preliminary results were interesting it was decided to try another 

approach. The major problem with this method was the low yield of membrane-bound polysomes 

per g of leaf tissue. This meant that 8 g of leaves was a minimal amount to obtain sufficient 

membrane-bound polysomes and it was difficult to produce enough fungal spores to ensure a 

heavy inoculation of these leaves. An underlying problem in all studies on gene expression 

following fungal infection of leaves is the heterogeneous nature of infected leaves (Scholes and 

Farrar, 1987). Apart from the fungal tissue itself, there are some cells in contact with the fungi 

and there are other cells, far more numerous in the early stages of infection, which have no such 

contact. Small changes in the protein synthesis of infected cells may be lost against this large 

background. Thus heavy inoculations of the leaves that are to be studied are desirable. 

In subsequent experiments total polysomes were isolated without separating the two 

classes (Chapter 4). The higher yields possible allowed the use of only 1 g of leaf material per 

extraction. This reduced the problems with inoculations. Also the use of total polysomes reduced 

the number of manipulations of polysomes and the consequent risk of their degradation. Finally 

the more straight forward extraction involved would make it easier to improve later steps such as 

electrophoresis with the possibility of returning to the use of membrane-bound poly somes at a 

later date. 
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CHAPTER FOUR 

THE EFFECT OF INFECTION ON POLYSOMAL PROTEIN SYNTHESIS 

4.1 INTRODUCTION 

4.1.1 Description of Work. 

There were indications from the results obtained in 3.3.8 that infection with P. hordei 

had caused changes in the proteins synthesised on free and membrane-bound polysomes in barley 

leaves. However there were difficulties in obtaining enough membrane-bound polysomes from 

infected plants for translation. In this chapter the results of experiments designed to isolate total 

polysomes, allowing the use of smaller amounts of infected leaves, are described. The isolated 

polysomes were translated and their protein products analysed as described in Chapter 3. The 

nature of the translation system was analysed using specific inhibitors. 

The initial aim was to confinn that infection did lead to changes in the polysome 

products and to detect any differences between compatible and incompatible interactions. The 

next stage was to plot the time-course of changes in host gene expression. The period of interest 

was between the time that infection first caused changes in protein synthesis and that when the 

nature of the host-parasite interaction became apparent. As described below, workers using 

various plant-pathogen systems have indicated this period to be from 12 h to 3 days after 

inoculation. 

4.1.2 Changes in Host Protein Synthesis following Infection. 

The elicitor hypothesis (2.2.3) postulates that possession of a specific receptor by a 

resistant host allows recognition of an invading pathogen, followed by an active response such as 

hypersensitive necrosis, phytoalexin production or lignification. If this hypothesis is correct, host 



gene expression in the incompatible interaction should show changes earlier than in the 

compatible interaction. 
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Rwendeire and Barnes (1988) have shown that a transcription inhibitor prevented the 

resistance response if applied to the barley within 16 h of infection with P. hordei. Resistance, 

therefore, required de novo synthesis of RNA, and presumably protein, within this period. 

In barley infected with powdery mildew the same proteins showed increased 

synthesis in both susceptible and resistant isogenic lines (Manners et al., 1985; Davidson et al., 

1987). The increased synthesis, however, was much more pronounced in resistant plants. 

In other plant-pathogen interactions there was evidence (Hadwiger and Wagoner, 

1983; Greenland and Shaw, 1986) that the initial response in both compatible and incompatible 

interactions was an increase in the synthesis of particular proteins. The increased synthesis 

continued beyond 24 h only in the incompatible interaction. Thus in these interactions it was not 

initial recognition that was crucial, but continuation of the defense response. 

It is important to note that protein synthesis in uninoculated barley leaves also 

changes with time. Friedrich and Huffaker (1980) showed that the amount of protein in primary 

barley leaves declined from the eighth day after planting. Hence the proteins synthesised from 

inoculated plants must always be compared with proteins synthesised by healthy control plants of 

the same age. Apart from this general change due to senesence, there may be diurnal rhythms in 

protein synthesis, particularly where light-regulated genes are involved. The activity of rubisco in 

wheat has shown circadian rhythms and this has been linked with turnover of the protein (Di 

Marco et al., 1979). To avoid problems with diurnal changes, polysomes were always extracted 

at 9.00 am. 
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4.1.3 Conclusion. 

Changes in the proteins synthesised in infected hosts have been detected in several 

cereals. Differences have also been reported between protein synthesis in compatible and 

incompatible interactions. However the nature and timing of the differences has varied in 

different interactions. To study the situation in the barley-Po hordei system, polysomes were 

isolated from both compatible and incompatible interactions at times from 12 h to 3 days after 

inoculation. These polysomes were translated and the labelled products analysed as described in 

Chapter 3. 
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4.2 METHODS 

The conditions of growth for barley, and inoculation with fungi, were as described in 

Chapter 3. 

4.2.1 Extraction of Total Polysomes. 

The method used was that of Jackson and Larkins (1976) except that Triton X-100 was used to 

release any membrane-bound po1ysomes. As a precaution against the effects of ribonucleases, all 

solutions were autoclaved and glassware was baked overnight at 2000 • Disposable gloves were 

worn and the extraction carried out at 40 • 

At set times after inoculation with rust, approximately 1 g of the apical 5 cm of 

barley leaves were picked. These were ground to a fine powder under liquid nitrogen as 

described in 3.2.4.1. The powder was transferred to a second mortar and resuspended by grinding 

in 10 volumes of extraction buffer (400 mM KCl, 200 mM sucrose, 35 mM MgCI2, 25 mM 

EGT A, 1 % Triton X-IOO in 200 mM Tris-HCl, pH 9.0). 

The extract was filtered through four layers of muslin and the filtrate centrifuged 

(35000 g for 10 min in a Sorval SS34 rotor) to remove unbroken cells and other debris. The 

supernatant was layered on a 60% sucrose cushion (4 ml of 1.75 M sucrose in 200 mM KCI, 30 

mM MgCI2, 5 mM EGTA, 40 mM Tris-HCl, pH 9.0) in a polycarbonate Ti70 tube and 

centrifuged at 229000 g for 3 h. 

The supernatant and cushion were removed by aspiration and discarded. The pellet, 

which contained the po1ysomes, was resuspended in 50 "u of resuspension buffer (20 mM 

HEPES-KOH, pH 7.6) in preparation for translation. 
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4.2.2 Translation of Polysornes and Analysis of Labelled Polypeptides. 

The isolated polysomes were translated in vitro as described in Chapter 3 for free 

polysomes. Analysis of the labelled polypeptides by electrophoresis, fluorography, and scanning 

were also as described in Chapter 3. 
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4.3 RESULTS 

4.3.1 Polysome Extraction. 

The method used gave translatable polysomes within 5 h of extraction. The final 

pellet had a green tinge indicating chlorophyll contamination. This could be removed by 

recentrifuging through a 1.5 M sucrose cushion. However this step was not used in subsequent 

extractions as it did not improve the ability of the polysomes to stimulate translation and resulted 

in lower recoveries of polysomes. 

The A2601A280 ratios of the polysomes were in the range 1.6-1.8. This is similar to 

the ratios found for barley polysomes by other workers (Breen et al., 1971; Rwendeire,1985). 

The yields of polysomes, as measured by their absorbance at 26Onm, were variable. 

From 30 isolations, a mean yield of 7.3 A260 units of polysomes per gramme of leaf material was 

obtained with a standard deviation of 2.4. This yield is lower than those obtained by Rwendeire 

(1985) from the barley cultivars Kakapo (10 A260 units/g) and Zephyr (14 A260 units/g), ·perhaps 

due to a use of2% Triton X-lOO by Rwendeire (1985) as compared with 1 % in this method. 

Triton X-I 00 is known to increase yield but it has also been implicated in polysome dissociation 

(Greenland and Shaw,1986). 

4.3.2 Characterisation of Translation System. 

The wheat germ translation system (Marcu and Dudock, 1974) described in Chapter 3 

was used to translate the polysomes. The optimal cation levels were 64 mM K+ and 1 mM 

Mg2+, the same as for free polysomes. 

The stimulation of translation with addition of polysomes was linear up to 1.5 A260 

units/assay (Fig 4.1). When comparing translations of poly somes from healthy and rust-infected 

plants, equal amounts of polysomes, nonnally 1.0 A260 unit, were added to each vial. 

The endogenous level of incorporation of TCA-precipitable label was variable during 

these translations and sometimes high. Stimulation of translation with added polysomes was from 

3 to 14 times background. 
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To be sure that in vitro polysome translation gives an accurate portrayal of the in vivo 

synthesis at the time of extraction, each polypeptide must be translated only once. That is, there 

must be no reinitiation after run-off of the mRNA from the polysome. To test that this was the 

case, the polysomes were translated in the presence of 100 IoLM aurintricarboxylic acid. This 

inhibitor of the initiation of protein synthesis (Marcus et ai., 1970) had no significant effect on 

translation (Table 4.1). 

The effect of organelle-specific inhibitors on translation was also tested. 

Cycloheximide inhibits translation on the 80-S ribosomes found in the cytoplasm (Oleinick, 

1977). A 175 ~ solution of cycloheximide reduced synthesis by 78% (Table 4.1). This is 

comparable with the 75% inhibition found with 70 IoLM cycloheximide in the barley cultivar Prior 

(Manners and Scott, 1983). However chloramphenicol, an inhibitor of organelle protein synthesis 

(Ellis, 1969), had no effect on incorporation when applied at 0.5 mM (Table 4.1). In contrast, 

Manners and Scott (1983) reported a 22% inhibition, using the lower concentration of 0.2 mM, 

and Rwendeire (1985) a 14% inhibition at 0.5 mM. As the isolation method used should extract 

polysomes from both the cytoplasm and the chloroplast, these results confirm preferential 

synthesis of cytoplasmic polysomes by the wheat germ system. 



Table 4.1 
The Effect of Inhibitors on Polysomal Translation 

Mean Number of Standard 

cpm (xlO-3) samples deviation 

Blank 13.0 2 2.0 

Control 30.9 3 0.7 

Aurintricarboxylic acid (100 J,L1ll) 34.0 3 3.4 

Chloramphenicol (500 J,L1ll) 33.0 3 2.3 

Cycloheximide (175 J,L1ll) 7.2 2 4.0 

Translation conditions were as described in the methods. Apart from the blank all 

assays contained 0.6 A260 units of polysomes. The inhibitor solutions were added to the 
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poly somes before addition of the other ingredients. A 5 ,u aliquot was taken from each assay and 

counted as described in methods. 

4.3.3 The Effect of Infection on Quantities of Polysomes 

Centrifugation through a sucrose cushion, under the conditions set out in 4.3.2.1, has 

been reported to favour precipitation of larger polysomes over dimers, monomers and subunits 

(Leaver and Dyer, 1974; Larkins and Davies, 1975; Mosinger and Schopfer, 1983). Thus the 

yield of A260 material can give some indication of the amount of ribosomes actively involved in 

protein synthesis at different times after inoculation. 

The yield of polysomes extracted at various times after infection is shown in Fig 4.2. 

Given the variation in polysome yield described earlier, and the fact that several of these points 

are based on single extractions these results must be treated with caution. However there seem to 



Fig 4.2 Variation in yield of polysomes with time after inoculation. 

Leaves of 7 -day-old seedlings of the barley cultivar Triumph were inoculated with 

urediospores of either race 65 or 141 of P. hordei (3.2.1). Polysomes were isolated 

from the leaves, as described in 4.2.1 at the times shown after inoculation. 

Polysomes were also isolated from uninoculated leaves of the same age (control). 

The yields shown at 16 h are the means of 3 extractions. The other points represent 

single extractions. 
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be some general trends. All three treatments show a decline in polysome levels with time. This 

correlates with the onset of senesence in these leaves (Friedrich and Huffaker, 1980). This 

decrease with time is accentuated by infection. Earlier work with barley-Po hordeiinteraction has 

shown a decline in polysomes as a proportion of tota1leaf ribosomes following infection 

(Rwendeire and Barnes, 1988). 

The yields for all treatments at 12 h after inoculation were between 4 and 5 A260 

units/g compared with yields around 9 A260 units/g for 16 h. The results at 12 h may be an 

artefact of extraction, as it was unlikely that 4 h would make such a difference, especially in the 

untreated plants. 

4.3.4 The Effect of Infection on Translation of Polysomes. 

Polysomes isolated from plants 16 h after inoculation with the two races of rust 

differed in how efficiently they incOlporated labelled amino acids. Polysomes were isolated, as 

described in 4.2.1 from control plants and from plants inoculated with either the virulent (141) or 

avirulent (65) race of P. hordei, and then translated in triplicate. This experiment was repe,~ted 

three times. The effect of infection on efficiency of translation was measured by incorporation of 

counts in each assay. As there was variation between each set of extractions the data were 

analysed using two-way analysis of variance on Minitab and estimating least significant 

differences. This confirmed that there were highly significant differences in the mean translation 

efficiencies of the polysomes from the control and infected plants. The incompatible interaction 

(i.e.plants infected with race 65) the efficiency was 20% higher than uninoculated controls and 

this difference was highly significant (p < 0.01). The opposite effect was seen in compatible 

interactions (i.e. plants infected with race 141), where there was 20% less label incorporated when 

compared with control polysomes. Again this decrease was highly significant (p < 0.01). 

4.3.5 Changes in Protein Synthesis following Infection. 

The polysomal protein synthesis of incompatible and compatible interactions was 

compared with that of uninfected plants at times during the 72 h after inoculation. Following 

inoculation of 7-day-old barley leaves with P. hordei spores the plants were replaced in the 

growth chamber for the stated period and then harvested and the polysomes extracted 

immediately. Inoculation was timed so that the extraction began at 9.00am. 
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Polysomes from infected and healthy plants were translated and the labelled 

polypeptide products separated by SDS-PAGE and visualised by fluorography. The fluorographs 

and scans are shown in Figs 4.3-4.7. As the background was as high as 30% of the counts 

incorporated in some translations and the labelled polypeptides in background translations was 

mostly of low molecular weight (less than 20 kDa) comparisons have been made only of the 

material above 20 kDa. Polysomes from each time were translated and the products analysed by 

SDS-PAGE at least twice. Representative scans are shown. 

To enable the patterns of polypeptides to be compared, they were scanned using the 

GS 300 scanning densitometer (Hoefer Scientific Instruments) and the information stored on an 

IBM-compatible computer using the Hoefer GS 365 data system. With this system it was 

possible to align ~e different tracks and adjust the amplitudes where one track was noticeably 

darker than another. Thus the comparisons between different treatments were based on the 

relative proportions of each polypeptide synthesised rather than the absolute amounts. 

The presentation of the scans in Fig 4.3-4.7 used the overlay feature of the GS 365 

data system. The scan of labelled products from infected plants is shown as a lighter dotted line 

over the scan of products from untreated plants of the same age. Differences between lanes and 

scans mentioned in the text are followed by numbers in brackets which reference the changes on 

the scans and the respective lanes on the fluorograph. 

The scans at 12 h after inoculation (Fig 4.3.ii) were hard to interpret. This was due to 

the poor resolution of the polypeptides and also to some problems with cracking (Fig 4.3.i). The 

pattern of proteins from the incompatible interaction (infected with race 65) was similar to that 

from the uninfected controls (Fig 4.3iLa). The compatible interaction (infected with race 141) 

had a different pattern but this may be due to better resolution on the gel (Fig 4.3iLb). 

At 16 h after inoculation (Fig 4.4) the incompatible interaction (lane 2, Fig 4.4.i) was 

still similar to the control (lane I, Fig 4.4.i) as can be seen when comparing their scans (Fig 

4.4.iLa). The compatible interaction (lane 3, Fig 4.4.i; Fig 4.4.iLb) showed some specific 

differences. The peaks at 29 (1) and 36 kDa (2) were lower than in the control and the region 

from 55-90 kDa (3) was higher. In the scan there was a peak above 100 kDa that was not found 

in the control (4). However this could have been an artefact on the fluorograph (Fig 4.4.i) as it did 

not show up on other fluorographs of translation products from 16 h after infection. 



Fig 4.3.i Fluorograph of radiolabelled products of polysomes isolated 

12 h after inoculation. 
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Primary leaves of 7-day-old barley seedlings were inoculated and 12 h after 

inoculation the polysomes were isolated as described in 4.2.1. The poly somes were 

translated using 35S-methionine (3.2.7) and separated by gradient SDS-PAGE 

(3.2.8). The gel was then prepared for fluorography using DMSO:PPO (3.2.9) then 

exposed and developed as described in 3.2.10. The numbers to the right of the 

fluorograph refer to molecular weight in kDa of marker proteins as described in 3.2.8. 

The lanes contained: 

(1) Products of polysomes from control leaves. 

(2) Products of polysomes from leaves infected with the incompatible P. hordei race 65. 

(3) Products of poly somes from leaves infected with the compatible P. hordei race 141. 

1 2 3 



Fig 4.3.ii Densitometer scans of the products of polysomes isolated from leaves 12 hours 

after inoculation. 
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These scans are of the fluorograph in Fig 4.4.i and were generated by a Hoefer OS-300 

densitometer as described in 3.2.10. The numbers along the bottom of each scan refer to the 

molecular weights in kDa of the marker proteins as described in 3.2.8. The darker line in 

each scan is of the products from control plants. 

(a) The scan from control leaves (lane 1) overlaid with that from leaves inoculated 

with the incompatible P. hordei race 65 (lane 2). 

(b) The scan from control leaves (lane 1) overlaid with that from leaves inoculated 

with the compatible P. hordei race 141 (lane 3). 

-------Gel Length-------1.~ 



Fig 4.4.i 	 Auorograph of radiolabelled products of poly somes isolated 16 and 20 h afler 

inoculation. 

Primary leaves of7-day-old barley seedling were inoculated with urediospores ofP. hordei 

and at the stated times after inoculation the polysomes were isolated as described in 4.2.1. 

The polysomes were translated using 35S-methionine (3.2.7) and separated by gradient 

SDS-PAGE (3.2.8). The gel was then prepared for fluorography using DMSO:PPO (3.2.9) 

then exposed and developed as described in 3.2.10. Molecular weight marker proteins as 

described in 3.2.8 and their molecular weights in kDa and position are shown on the right 

side of the fluorograph. The numbers on the fluorograph indicate peaks or areas referred to 

in the text (4.3.5). 

The lanes contained: 

(I) 	 Products of poly somes from control leaves for 16 h after inoculation. 

(2) 	 Products of polysomes from leaves 16 h after inoculation with the incompatible P. hordei 

race 65. 

(3) 	 Products of polysomes from leaves 16 h after inoculation with the compatible P. hordei race 

141. 

(4) 	 Products of poly somes from control leaves for 20 h after inoculation. 

(5) 	 Products of polysomes from leaves 20 h after inoculation with the incompatible P. hordei 

race 65. 

(6) 	 Products of polysomes from leaves 20 h after inoculation with the compatible P. hordei race 

141. 
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Fig 4.4.ii 	 Densitometer scans of the products of polysomes isolated from leaves 16 and 20 

hours after inoculation. 

These scans are of the fluorographs in Fig 4.4.i and were generated by a Hoefer GS-300 

densitometer as described in 3.2.10. The numbers along the bottom of each scan refer to the 

molecular weights in kDa of the marker proteins as described in 3.2.8. The darker line in 

each scan is of the products from the control plants. The numbers on the scans indicate 

peaks or areas referred to in the text (4.3.5). 

(a) 	 The scan from control leaves (lane 1) overlaid with that from leaves 16 h after 

inoculation with the incompatible P. hordei race 65 (lane 2). 

(b) 	 The scan from control leaves (lane 1) overlaid with that from leaves 16 h after 

inoculation with the compatibleP. hordei race 141 (lane 3). 

(c) 	 The scan from control leaves (lane 4) overlaid with that from leaves 20 h after 

inoculation with the incompatible P. hordei race 65 (lane 5). 

(d) 	 The scan from control leaves (lane 4) overlaid with that from leaves 20 h after 

inoculation with the compatible P. hordei race 141 (lane 6). 
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At 20 h after inoculation in the fluorograph (lane 5, Fig 4.4.i) and scan (Fig 4.4.iLc) 

of the incompatible interaction a number of peaks at 20 (1), 32 (2), 34 (3) and 50-100 kDa (4) 

were higher than in the control (lane 4, Fig 4.4.i). A similar but more pronounced series of 

changes were seen in the compatible interaction (lane 6, Fig 4.4.i; Fig 4.4.iLd). 
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By 24 h after inoculation the fluorograph of the control products (lane I, Fig 4.5.i), 

and to a lesser extent that of products from the incompatible interaction (lane 2, Fig 4.5.i), 

contained a peak. at 62 kDa that appeared to be an artefact (1). Apart from this the incompatible 

interaction showed a slight increase (Fig 4.5.iLb) in the synthesis of polypeptides with molecular 

weights of about 90 kDa (2) and a marked increase in the translation of those with molecular 

weights around 100 kDa (3). The compatible interaction showed increased translation of 

polypeptides in the same regions (2,3) and also of a polypeptide of 66 kDa (4). There was also a 

decrease in the translation of polypeptides with sizes of about 30 kDa (5). 

Although the fluorograph of polysome products from 2 days after inoculation 

contained some cracks (Fig 4.6.i) it was clear that the pattern from the incompatible interaction 

(lane 2, Fig 4.6.i; Fig 4.6.iLa) did not fit the general pattern evident from other times. It showed 

less material than the controls in the 40 kDa (1) and 100 kDa (2) regions. The compatible 

interaction (lane 3, Fig 4.6.i; Fig 4.6.iLb) had relatively more polypeptides from 50 to 100 kDa 

(3) than the controls. 

By 3 days after inoculation the polysome products from plants infected with either 

race contained a higher proportion of polypeptides with molecular weights from 50-110 kDa and 

reduced synthesis of a group of polypeptides from 25 to 30 kDa (2, Fig 4.7.i; Fig 4.7.ii). 

The dominant trend in both compatible and incompatible interactions was the 

increased synthesis of a series of polypeptides ranging in weight from 45 to over 100 kDa. This 

was evident in the compatible interaction at 16h and the incompatible at 20h after inoculation. 

Also, particularly in the compatible interaction, there was some evidence of decreased synthesis 

of polypeptides with molecular weights of about 30 kDa. 
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Fig 4.5.i Fluorograph of radiolabelled products of polysomes isolated 24 h after inoculation. 

Primary leaves of7-day-old barley seedling were inoculated with urediospres of P. hordei 

and 24 h after inoculation the polysomes were isolated as described in 4.2.1. The poly somes 

were translated using 35S-methionine (3.2.7) and separated by gradient SDS-PAGE (3.2.8). 

The gel was prepared for fluorography using DMSO:PPO (3.2.9) then exposed and 

developed as described in 3.2.10. Molecular weight marker proteins as described in 3.2.8 

and their molecular weights in kDa and position are shown on the right side of the 

fluorograph. The numbers on the fluorograph indicate peaks or areas refrred to in the text 

(4.3.5). 

The lanes contained: 

(1) Products of polysomes from control leaves. 

(2) Products of polysomes from leaves infected with the incompatible P. hordei race 65 

(3) Products of polysomes from leaves infected with the compatible P. hordei race 141. 

1 2 3 

I
m 
:::l 
u 
(!) 

o 
~ 



Fig 4.5.ii Densitometer sc')Ils of the products of polysomes isolated from leaves 24 hours 

after inoculation. 
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These scans are of the fluorographs in Fig 4.S.i and were generated by a Hoefer 08-300 

densitometer as described in 3.2.10. The numbers along the bottom of each scan refer to the 

molecular weights of the marker proteins as described in 3.2.8. The darker line in each scan 

is of the products from control plants. The numbers on the scans indicate areas referred to 

in the text (4.3.5). 

(a) The scan from control leaves (lane 1) overlaid with that from leaves 24 h after 

inoculation with the incompatible P. hordei race 65 (lane 2). 

(b) The scan from control leaves (lane 1) overlaid with that from leaves 24 h after 

inoculation with the compatible P. hordei race 141 (lane 3). 
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Fig4.6.i Fluorograph of radiolabelled products of polysomes isolated 48 h after inoculation. 

Primary leaves of 7 -day-old barley seedling were inoculated with urediospores of P. hordei 

and 48 h after inoculation the polysomes were isolated as described in 4.2.1. The polysomes 

were translated using 35S-methionine (3.2.7) and separated by gradient SDS-PAGE (3.2.8). 

The gel was prepared for fluorography using DMSO:PPO (3.2.9) then exposed and 

developed as described in 3.2.10. The molecular weights in kDa and positions of marker 

proteins, as described in 3.2.8, are shown on the right side of the fluorograph. The numbers 

on the fluorograph indicate areas or peaks referred to in the text (4.3.5). 

The lanes contained: 

(1) Products of polysomes from control leaves. 

(2) Products of polysomes from leaves infected with the incompatible P. hordei race 65 

(3) Products of polysomes from leaves infected with the compatible P. hordei race 141. 

1 2 3 

L 
ril 
::J 
U 
(lJ 

o 
~ 



Fig 4.6.ii Densitometer scans of the products of polysomes isolated from leaves 48 hours 

after inoculation. 
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These scans are of the fluorograph in Fig 4.7.i and were generated by a Hoefer as-300 

densitometer as described in 3.2.10. The numbers along the bottom of each scan refer to the 

molecular weights in kDa of the marker proteins as described in 3.2.8. The darker line 'on 

each scan is of the products from control plants. The numbers on the scans indicate peaks or 

areas referred to in the text. 

(a) The scan from control leaves (lane 1) overlaid with that from leaves innoculated with the 

compatible P. hordei race 65 (lane 2). 

(b) The scan from control leaves (lane 1) overlaid with that from leaves inoculated with the 

compatible P. hordei race 141 (lane 3). 
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Fig 4.7.i 
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Fluorograph of radiolabclled products of polysomes isolated 72 h after inoculation. 

Primary leaves of 7-day-old barley seedling were inoculated and 72 h after inoculation the 

polysomes were isolated as described in 4.2.1. The polysomes were translated using 35S• 

methionine (3.2.7) and separated by gradient SDS-PAGE (3.2.8). The gel was prepared for 

fluorography using DMSO:PPO (3.2.9) then exposed and developed as described in 3.2.10. 

The molecular weights in kDa and positions of marker proteins, as described in 3.2.8, are 

shown on the right side of the fluorograph. The numbers on the fluorograph indicate areas 

or peaks referred to in the text (4.3.5). Note that the order oflanes is different in this 

fluorograph in that the products from the compatible interaction are in lane 2. 

The lanes contained: 

(1) Products of polysomes from controllcaves. 

(2) Products of polysomes from leaves infected with the compatible P. hordei race 141. 

(3) Products of polysomes from leaves infected with P. hordei race 65 

1 2 3 



Fig 4.7.ii Densitometer scans of the products of polysomes isolated from leaves 72 hours 

after inoculation. 
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These scans are of the fluorograph in Fig 4.7.i and were generated by a Hoefer GS-300 

densitometer as described in 3.2.10. The numbers along the bottom of each scan refer to the 

molecular weights in kDa of the marker proteins as described in 3.2.8. The darker line on 

each scan is of the products from control plants. The numbers on the scans indicate peaks or 

areas referred to in the text. 

(a) The scan from control leaves (lane 1) overlaid with that from leaves inoculated with the 

compatible P. hordei race 65 (lane 3). 

(b) The scan from control leaves (lane 1) overlaid with that from leaves inoculated with the 

compatible P. hordei race 141 (lane 2) .. 
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4.4 DISCUSSION 

The polysomes of barley were isolated at different times after inoculation as an 

indication of protein synthesis. Previous workers have shown that polysom~s can be used to 

indicate current protein synthesis in plants (Pure et al., 1979; Manners and Scott, 1983). The 

method of polysome isolation used was suitable for providing translatable polysomes, although, 

as discussed in 4.3.3, the centrifuge step through the sucrose cushion favoured larger polysomes. 

Translation of the extracted polysomes in a wheat genn cell- free system produced 

proteins with a size range that indicated that the polysomes were intact and that translation to 

completion without premature tennination had occurred. A problem with the translations was the 

backgrounds which were considerably higher than in Chapter 3. TIlls may have been due to 

differences in the batches of wheat genn obtained from D.H. Brown. Nuclease treatment (pelham 

and Jackson, 1976) might have decreased the background and improved the detection of changes 

of the proteins with molecular weights less than 20 kDa, but this was not done. 

The effect of infection on efficiency of translation was interesting (4.3.4). A possible 

explanation of the increased efficiency of polysomes extracted from resistant plants may be that a 

greater proportion of the isolated ribosomes in these interactions are in polysomes. However 

studies of the monosome:polysome ratio in another incompatible barley-Po hordei interaction 

show no evidence of this (Rwendeire and Barnes, 1988). The lower efficiency of the polysomes 

isolated from the compatible interaction may be due to a lower proportion of the isolated 

ribosomes being active in protein synthesis. Alternatively, these results may be due to regulatory 

proteins binding to the polysomes in a similar fashion to the 57 kDa protein isolated from 

polysomes of infected maize (Wu et al., 1988). 

The analysis of translation products of polysomes from infected barley showed that 

differences occurred in gene expression within 20 h of inoculation with urediospores of P. hordei. 

However there were not any obvious differences in the nature of the response between compatible 

and incompatible interactions. Also these results did not support the elicitor hypothesis, in that 

changes in gene expression were detected earlier in the compatible than in the incompatible 

interaction. The lack of difference between protein synthesis in the incompatible interaction and 

that of untreated plants over the 16 h following inoculation was particularly suprising, considering 

that transcription was shown to be necessary in this period for the resistance response (R wendeire 
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and Barnes, 1988). Possibly the early changes in gene expression are too subtle for this approach 

to detect. 

When relating increased or decreased levels of a peak. on a scan to protein synthesis 

in the plants it is important to remember a number of points. Each translation reaction contained 

the same amount of polysomes as measured by the absorbance at 260 nm. The labelled products 

from these translations were then assayed for TeA-precipitable cpm and volumes were adjusted 

to allow the same number of cpm to be applied to each lane in the SDS-PAGE. As can be seen 

from the fluorographs (e.g. Fig 4.5) this did not lead to all tracks being of equal intensity. Where 

there were large differences, the darkest lanes were scanned from fluorographs with shorter 

exposures to the gel. Small differences were compensated for by adjusting the gain on the 

densitometer or the scale on the computerised scan. This led to the problem of where to align the 

scans. The assumption made, for ease of comparison, was that the majority of polypeptides 

would be synthesised at similar levels in healthy and inoculated plants. Thus these scans depict 

changes in the synthesis of individual polypeptides as a proportion of total synthesis rather than 

an absolute comparison between synthesis in healthy and infected barley. An example of where 

these may differ is in the compatible interaction at 16 h after inoculation, where the relative 

increase in synthesis of polypeptides with molecular weights between 55 and 90 kDa must be 

considered in the context of 20% less efficient translational ability of polysomes isolated from 

these plants compared with healthy plants. 

The inability to detect major differences between infection with virulent and avirulent 

races may be due to the use of polysomes. Other workers have been unable to detect early 

changes following fungal infections using a similar approach (Manners and Scott, 1983; 

Greenland and Shaw, 1986). Greenland and Shaw (1986) detected changes in the wheat-stem rust 

interaction using in vivo labelling but not by isolating polysomes and translating them. They 

considered that this was due to the insensitivity of the polysome method. Although in the current 

work it was possible to detect changes using polysomes, in vivo labelling of protein synthesis 

might detect other changes. 

A problem in the experimental design was the number of steps involved. As 

mentioned in 3.1.3, polysome isolations are susceptible to ribonuclease attack. Although the high 

molecular weight of the polypeptides produced in these experiments indicated that any 

ribonuclease activity was limited, it may have been a source of variation. Also the yields of 

polysomes were variable. Finally the translation of polysomes in the in vitro system introduced a 

further level of variation. These factors may have been the cause of the inconsistent results. 



As the analysis of polysomal products did not enable differentiation of compatible 

and incompatible interactions, it was decided to try in vivo labelling of protein synthesis instead. 

This work is detailed in Chapter 6. Although in vivo labelling did have the disadvantage of 

measuring protein synthesis over a period rather than at a particular time, the method had 

advantages. It required less leaf material, thus allowing heavy infections and also the extraction 

was more direct than polysome isolation and translation, reducing the risk of artefacts. 
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CHAPTER FIVE 

THE EFFECT OF INFECTION ON IN VIVO PROTEIN SYNTHESIS 

5.1 INTRODUCTION 

5.1.1 General Introduction. 

Cultivar-specific resistance to P. hordei in barley is induced rather than pre-existing 

and requires changes in gene expression almost immediately after infection (Rwendeire and 

Barnes, 1988) Following difficulties in observing changes in gene expression with polysome 

products, as explained in Chapters 3 and 4, it was decided to label the newly synthesised proteins 

directly and extract them for analysis by SOS-PAGE and fluorography. 

5.1.2 Extraction of Plant Proteins. 

The extraction of proteins from the tissues of plants has proved more difficult than 

from animals. The problem has been two-fold. Firstly, there are lower concentrations of proteins 

in plant tissue as the bulk of the tissue consists of vacuoles and cell walls (Loomis and Battaille, 

1966). Secondly, plant tissues contain compounds which are able to denature or combine with 

proteins (Harborne, 1984). Amongst these are the phenolic compounds which Loomis and 

Battaille (1966) were able to remove by the use of adsorbents such as polyvinylpyrrolidone 

(PVP). Cremer and Van de Walle (1985) reported that proteins from tobacco leaves could be 

successfully analysed by the two-dimensional electrophoresis (20-PAGE) technique of O'Farrell 

(1975) after extraction in the presence ofPVP followed by ammonium sulphate precipitation and 

dialysis. Thirdly cereal leaves contain highly active proteases (peoples and Dalling, 1978). To 

minimise protease action, tissue disruption has been carried out at or below 40 and extraction 

buffers devised for the extraction of leaf proteins have contained protease inhibitors such as 

phenylmethylsulphonyl fluoride (Sutton and Shaw, 1986). 
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When extracting proteins for analysis by techniques which involve denaturation, such 

as SDS-PAGE, the maintainance of the proteins tertiary structure is unimportant. Thus it has 

been possible to use extraction techniques such as boiling which would denature enzymes. In 

their study of isogenic cultivars of wheat using 2D-PAGE, Gabriel and Ellingboe (1982) ground 

the leaves in the presence of SDS followed by heating in a boiling water bath for 4 min. The 

proteins were then precipitated with acetone. The SDS was necessary to extract membrane-bound 

proteins but caused problems with streaking in the first dimension. The samples also showed 

evidence of protease action (Gabriel and Ellingboe, 1982). Similar methods have been sucessful 

in other extractions of proteins from cereal leaves (Manners and Scott, 1984; Colas des Francs et 

al., 1985). 

A separate problem, also related to extraction, is the solubilisation of the proteins for 

electrophoresis. Not all membrane proteins were soluble in the lysis buffer used by 0 'Farrell 

(1975) and other buffers have been developed (Granier, 1988). One which has proved useful with 

plant proteins is an alkaline-urea buffer system (Basha, 1979). Hari (1981) combined this with a 

series of acetone washes to extract tobacco leaf proteins. This procedure was simplified by 

Damerval et al. (1986) for analysis of genetic variation in wheat. They ground wheat seedlings in 

liquid nitrogen and then extracted directly with an acetone-trichloroacetic acid (TCA) solution. 

The final pellet was resuspended in an alkaline-urea buffer. 

5.1.3 Changes in Protein Synthesis Following Infection. 

As discussed in 2.3.5 in vivo labelling of protein synthesis has been used in the study 

of the consequences of infection in a number of host species. Of particular interest has been the 

work on other interactions between cereals and biotrophic pathogens. Manners and Scott (1984) 

found that the effect of powdery mildew on a susceptible barley cultivar was a decline in the 

synthesis of several chloroplast proteins relative to that in healthy controls. The most noticeable 

decrease was in a 32 kDa protein that was evident 24 h after inoculation. In isogenic wheat 

cultivars infected with stem rust, Greenland and Shaw (1986) found an increase in the synthesis 

of some proteins and a decrease in others 24 h after inoculation, when compared with control 

plants of the same age. Some of these changes were unique to the resistant cultivar, while others 

were common to all infected plants. By 3 days after infection there was a noticeable decline in 

incorporation of label in the susceptible cultivars of wheat. As discussed in Chapter 6, changes in 

both of these systems and in the oat-crown rust interaction (Yamamoto and Tani, 1982) were 

further analysed using 2D-P AGE. 
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5.1.4 Conclusions. 

In vivo labelling of newly synthesised proteins was selected as an alternative to 

polysome isolation and translation as it required fewer manipulations thus minimising artefacts. 

Because the method is more direct smaller quantities of infected leaves were required. The major

obstacle to using in vivo labelling to detect changes in protein synthesis has been the difficulty of 

extracting proteins in an unmodified fOIm. This problem was overcome, however, and in vivo 

labelling has been used sucessfully in studies of several plant-pathogen systems. 

In Chapter 4 it has been shown, using polysome isolation and translation, that 

infection with P. hordei altered host protein synthesis within the first day. However differences 

between protein synthesis in the compatible and incompatible interaction had not been observed. 

To test whether the similarity of the observed protein synthesis in the two interactions was due to 

the insensitivity of the methods used in Chapter 4, this experiment was repeated using in vivo 

labelling. If the response of the host was described by the elicitor hypothesis then changes in host 

protein synthesis leading to resistance would occur earlier following infection by avirulent fungi 

than by virulent fungi. Therefore in these experiments protein synthesis was examined closely 

throughout the first day after inoculation by taking samples every 4 hours. The newly synthesised 

proteins were also labelled and analysed at 2, 3 and 5 days after inoculation. 
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5.2 METHODS 

5.2.1 Inoculation and Isotope Uptake. 

The barley plants were grown and inoculated as described in Cl,1apter 3. The leaves 

were inoculated at 8.30 am on the seventh day after planting for the 4- and 8 hours and 1-, 2-, 3-

and 5-day periods and at 8~30 pm on the sixth day after planting for the 12-, 16- and 20-h periods 

between inoculation and extraction. Following inoculation the 2 pots of infected and 1 pot of 

control plants were sealed in plastic bags to maintain humidity and were returned to the growth 

cabinets. 

At each sampling time the apical 5 cm was cut from 3 primary leaves from each of 

the 3 pots. These were placed in 50 "u of distilled water containing 25 ~i of 35S-methionine for 

120 min. This procedure was carried out in the growth cabinet. 
~ 

5.2.2 Inhibition of Chloroplast Protein Synthesis. 

Chloramphenicol, an inhibitor of protein synthesis on 70S ribosomes (Ellis, 1969), 

was used to deteImine the extent of chloroplast protein synthesis. The apical 5 cm of 3 leaves 

were incubated for 30 min in 100 "u of distilled water containing 200 ",glml chloramphenicol and 

then transferred to another tube containing 25 ",ci of 35S-methionine in 50 "u of 200 ",glml 

chloramphenicol for 120 min. The control leaves were incubated for 30 min in 100 "u of distilled 

water, followed by transfer to a tube containing 25 ",ci of isotope in distilled water for 120 min. 

5.2.3 Protein Extraction 

5.2.3.1 Extraction in a Tris-SDS buffer. 

The first extractions of proteins labelled in vivo were based on the method of Gabriel 

and Ellingboe (1982). The leaves were taken from the incubation tubes, wiped with a tissue, and 

the bottom 0.5 cm of each leaf was cut off and discarded. Then the leaves were cut into 0.5-cm 

long sections and ground to a fme powder in a mortar under liquid nitrogen. The powder was 

transferred to a second ice-cold mortar and resuspended in 1.0 ml of SOS extraction buffer. This 
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consisted of 2% SDS, 10 mM DTI, 0.5 mM MgCI2, 1 mM EDT A in 0.05 mM Tris-HCI, pH 6.8. 

The solution was transferred to a test tube and stirred in a boiling water bath (1000 ) for 5 min. 

After chilling on ice for 5 min the solution was decanted into a Beckman Ty 65 centrifuge tube 

and centrifuged at 120000 g for 30 min at 40 to remove debris. 

The supernatant was decanted into 9 ml of acetone at -180 and left overnight to 

precipitate. After centrifuging the acetone precipitate at 12000 g for 10 min, the supernatant was 

discarded and the pellet dried under a stream of nitrogen. The pellet was then transferred to a 1.4 

ml Eppendorf tube and resuspended in 100 ,u of SDS extraction buffer. Resuspension was 

difficult and required vortexing followed by 15 min in a Branson cleaning bath (Branson 

Cleaning Equipment Company) at 50/60 Hz and 125 watts. Any material left undissolved after 

this was removed by centrifuging at 12000 g for 5 min in a Biofuge B microfuge (Heraeus 

Christ). 

After resuspension a 5-,u sample was taken to detennine the amount of radioactivity 

incorporated, as described in 3.2.7. The rest of the extract was stored at -180 until needed for 

electrophoresis. 

5.2.3.2 Extraction in Acetone-TCA. 

Greater resolution on the SDS-PAGE was obtained when the labelled proteins were 

extracted by the method of Damerval et al. (1986). The leaves were taken from the incubation 

tubes, wiped with a tissue and the bottom 0.5 cm of each leaf was cut off and discarded. Then the 

leaves were cut into 0.5-cm long sections and ground to a fine powder under liquid nitrogen in a 

mortar. The powder was resuspended in 10 ml of 10% trichloroacetic acid in acetone with 0.07% 

2-mercaptoethanol. This solution was kept at -180 for at least I h and then centrifuged at 35000 g 

for 15 min. 

The supernatant was discarded and the pellet was rinsed with 0.07% 2-

mercaptoethanol in acetone at -180 for 1 h. After recentrlfuging (35000 g for 10 min) the 

supernatant was discarded and the pellet dried under vacuum at room temperature. 

The pellet was transferred to a 1.4-ml Eppendorf tube and resuspended in 300 ,u of 

sample solution, the composition of which was as follows: 9.5 M urea, 5 mM K2C03, 1.25% 

SDS, 0.5% DTT, 2% ampholytes pH 3-10 (Serva), 6% Triton X-IOO. There was a considerable 



amount of undissolved material which was removed by centrifuging at 12000 g for 5 min in a 

Biofuge B. 
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The incorporation of radioactive label was determined on a 5 "u aliquot as determined 

in 3.2.7. The,rest of the extract was stored at -180 until needed for electrophoresis either on the 

SDS-PAGE system described in 3.2.8 or the 2D-PAGE system described in Chapter 6. 



5.3 RESULTS 

5.3.1 Extraction of Proteins from Leaves 

When selecting the method for protein extraction any protocols that involved 

extensive manipulation were rejected, to avoid loss of sample and the danger of radioactive 

contamination. 

The initial extraction method tested was that of Gabriel and Ellingboe (1982). 

Samples prepared in this manner gave poor resolution on gradient gels (Fig 5.1). 

The method of Damerval et ai. (1986) was tested because it both removed plant 

pigments and denatured proteases in the initial acetone-TCA wash. This approach produced gels 
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of high resolution. There was a problem with some loss of protein due to resuspension during the 

acetone rinse, but the addition of a final centrifuge step of 35000 g for 10 min minimised this 

effect. 

5.3.2 Comparison of Protein Synthesis in vivo and in vitro. 

The in vivo protein synthesis of barley leaves, as revealed by labelling with 35S_ 

methionine, was compared with polypeptides translated from polysomes which were isolated 

from leaves of the same age (Fig 5.2). The scans shown are from two different gels and have 

been aligned on the basis of their molecular weight standards. Overall the products of polysome 

translations (4.3.5) were of similar size to the proteins produced in vivo. Thus it would seem'that 

the polysome translations do accurately reflect protein synthesis in vivo. 

The three most prominent bands in the in vivo scan were at 15 (1),43 (2) and 51 (3) 

kDa. Two of these corresponded with the quoted molecular weights of the large (51 kDa) and 

small (15 kDa) subunits of rubisco (Wildman, 1979). 

The 51 kDa protein (3), so prominent in the in vivo synthesis was not found amongst 

the polysome products possibly due to being translated Ii n the chloroplast As mentioned 

earlier (3.1.2), the wheat-germ system preferentially translates cytoplastic ribosomes. The other 2 

major polypeptides labelled in vivo, with sizes of 43 kDa (2) and 15 kDa (1) are not as prominent 



Fig 5.1 SOS-PAGE of barley proteins extracted in SOS-tris buffer. 

Leaves of the barley cultivar Triumph were labelled with 35S-meLhionine 24 h after 

inoculation with P. hordei. Following labelling the proteins were extracted by the 

method of Gabriel and Ellingboe (1982) as described in 5.2.3.1. The extracted 

proteins were analysed by SOS-PAGE (3.2.8). The numbers down the side of the 

fluorograph refer to the molecular weight in kDa of the standard proteins. The lanes 

contained the following samples: 

1. Molecular weight markers (Sigma) as described in 3.2.8. 

2. Proteins synthesised by leaves infected with the compatible race 141. 

3. Proteins synthesised by leaves infected with the incompatible race 65. 

4. Proteins synthesised by healthy leaves. 
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Fig 5.2 
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Comparison of in vivo with in vitro protein synthesis. 

The proteins of the primary leaves of 7-day-old Triumph barley seedlings were 

labelled with 35S-methionine and extracted (5.2.3). They were separated by SDS

PAGE (3.2.8) and fluorographed using DMSO-PPO (3.2.9). The result is shown in 

lane 11 in Fig 5AL A scan of this lluorograph (darker line) has been overlaid with a 

scan of lane 4 of Fig 4.5i (lighter line). This shows the labelled products of 

polysomes from Triumph barley leaves of the same age. As the lanes were from 

different gels they have been aligned on the basis of their molecular weight standards 

using the Hoefer GS 365 data system. The numbers along the base of the scans refer 

to the molecular weight in kDa of the marker proteins which are described in 3.2.8. 

The numbers on the scans indicate peaks referred to in the text (5.3.2). 
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Fig 5.3 
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The effect of chloramphenicol on protein synthesis by barley leaves 

The primary leaves of7-day-old Triumph barley seedlings were inoculated with p. 

hordei race 65. Twenty-four hours later the proteins of these leaves were labelled 

with 35S-methionine in the presence of 200ug/ml chloramphenicol an inhibitor of 

protein synthesis on 70S ribosomes. The labelled proteins were extracted (5.2.3) and 

separated by SDS-PAGE on a 5-15% gradient. Otherwise the SDS-PAGE was as 

described in 3.2.8.(3.2.8). The gel was fluorographcd using DMSO-PPO (3.2.9) and 

scanned (3.2.10). This scan is shown with a scan of proteins from leaves treated in 

the same. manner but in the absence of chloramphenicol (dark line). The numbers 

along the base of the scans refer to the molecular weight in kDa of the marker 

proteins which are described in 3.2.8. The numbers on the scan indicate peaks 

referred to in 5.3.3. 
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amongst the polysome profIles. These polypeptides are not synthesised by the chloroplast, as 

shown by their insensitivity to chloramphenicol (5.3.3). Possibly they are synthesised at a high 

rate. Therefore the in vivo labelling which measures synthesis over 2 h would show 

proportionately more of them than polysome translation which only shows the amOlmt being 

synthesised at the moment of polysome isolation. 
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Many of the other peaks on the two scans did ,not coincide. Some of these differences 

may have been due to post translational modifications. The newly synthesised protein could 

become smaller by the loss of signal sequences or larger by addition of carbohydrate chains 

(Beevers, 1982). 

5.3.3 Effect of Chloramphenicol on Protein Synthesis. 

Chloramphenicol was used to inhibit the synthesis of proteins by chloroplasts. As 

shown in Fig 5.3 the major effect was upon the peak at 51 kDa (1). Removal of this 51 kDa peak 

has revealed another peak (2) of slightly lower molecular weight Decreased protein synthesis 

was also evident in the size range around 26 kDa (3). 

5.3.4 Host Protein Synthesis in the First Day after Inoculation. 

In these experiments 7 -day-old plants were inoculated with either race 65 or race 141 

and pulsed for 2 h with 35S-methionine at intervals of 4 h up to 20 h. Following labelling the 

proteins were extracted,.separated by SDS-polyacrylamide gradient gel electrophoresis and 

fluorographed (Figs 5.4i) The lanes on the fluorograph were quantified using a Hoefer GS300 

scanning densitometer and those from the controls were compared with those from plants infected 

with either the compatible or incompatible fungi (Figs 5.4ii and 5.4iii). Each experiment was 

repeated with similar results. For consistency the fluorographs and scans shown are from one 

experiment (Fig 5.4). In the following discussion the numbers in brackets refer to labelled areas 

on the fluorographs and scans. 

For the extractions up to 20 h (Fig 5.4) the inoculations were timed to allow the 

labelling to be completed between 8am and 6pm on the seventh day after planting. Thus the 

labelling at 12 h after infection was started at 8.30am, 4 h and 16 h labelling began at 12.3Opm 

and labelling of leaves at 8 h and 20 h after infection started at 4.3Opm. To test for any changes 
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in protein synthesis due to the time of day, uninoculated leaves were labelled and extracted at 

each of these times. As shown in the densitometer scans (Fig 5.4ii and 5.3iii) protein synthesis in 

these controls remained similar throughout the 24 h. The one peak on the scans that showed 

major changes between times was at 15 kDa (1, Fig 5.4ii and 5.3iii)). This was due to an artefact 

evident in the running of the gel (1, Fig 5.4i) rather than actual changes in synthesis of this 

protein. 

Protein synthesis at different times was considered relative to the level in the healthy 

leaves of the same age. The earliest significant change was in the incompatible interaction at 8 h 

(lane 3, Fig 5.4i and Fig 5.4iLa) where increased synthesis of a 108 kDa polypeptide (3) was 

evident. However there was no increase in the synthesis of this polypeptide evident at 8 h after 

inoculation in the replicate experiment (data not shown). The same 108 kDa polypeptide (3) also 

showed a marked increase in synthesis at 12 (Fig 5.4iLc and 5.3iLd) and 16 h (Fig 5.4iiLa and 

5.3iiLb) after inoculation with either a virulent or avirulent rust. By 20 h after infection the 

increased synthesis (3) was less pronounced (Fig 5.4iiLc and 5.3iiLd). A group of polypeptides 

with molecular weights between 58 and 108 kDa also showed increased synthesis from 12 h after 

inoculation in both compatible and incompatible interactions (2, Fig 5.4i and ii). These increases 

were still obvious at 20 h. Some of these polypeptides, such as those with molecular weights of 

96 and 100 kDa (4, Fig 5.4i and ii), did not appear to be synthesised to any significant extent in 

uninfected leaves. There were also some differences in the polypeptides with weights below 58 

kDa. However, none of these showed any consistent changes over time. Some of these changes 

may have been due to variation between plants, a potential problem when only 3 leaves were 

extracted at a time. 

Although there were obvious changes in host protein synthesis following inoculation 

with P. hordei, the compatible and incompatible responses were essentially similar. To test 

whether this type of interaction was determined by host protein synthesis at a later stage in 

infection, sampling was extended up to 5 days after inoculation. 

5.3.5 Protein Synthesis in the Later Stages of Infection. 

Newly synthesised proteins were labelled in vivo at 1 (Fig 5.5), 2 (Fig 5.6),3 and 5 

days (Fig 5.7) after inoculation with P. hordei. The most noticeable change from the scans of the 

first 20 h was in the peak at 51 kDa (2). This polypeptide which was assumed to be the large 

subunit of rubisco was lower and broader relative to the other peaks at these later times when 



Fig 5.4i Fluorograph of in vivo protein synthesis in barley leaves up to 20 h after inoculation. 

The primary leaves of7-day old Triumph barley seedlings were inoculated with p. 

hordei race 65 or 141. At the stated times after inoculation the proteins of these 

leaves were labelled with 35S-methionine for 2 h. The labelled proteins were then 

extracted (5.2.3), separated by SDS-PAGE (3.2.8), fluorographed using DMSO-PPO 

(3.2.9) and scanned (3.2.10). The timing of inoculations was staggered and therefore 

some of the extractions for different times after inoculation were carried out 

simultaneously. Thus some lanes of labelled proteins from uninoculated plants act as 

controls for more than one time. The numbers to the left of the fluorograph refer to 

the molecular weight in kDa of the marker proteins which are described in 3.2.8. The 
, 

numbers on the fluorograph indicate bands referred to in the text (5.3.4). 

The lanes contained labelled proteins from: 

1. Leaves 4 h after inoculation with the incompatible race 65. 

2. Leaves 4 h after inoculation with the compatible race 141 

3. Leaves 8 h after inoculation with the incompatible race 65. 

4. Leaves 8 h after inoculation with the compatible race 141 

5. Control leaves for 12 h after inoculation. 

6. Leaves 12 h after inoculation with the incompatible race 65. 

7. Leaves 12 h after inoculation with the compatible race 141 

8. Control leaves for 4 and 16 h after inoculation. 

9. Leaves 16 h after inoculation with the incompatible race 65. 

10. Leaves 16 h after inoculation with the compatible race 141 

11. Control leaves for 8 and 20 h after inoculation. 

12. Leaves 20 h after inoculation with the incompatible race 65. 

13. Leaves 20 h after inoculation with the compatible race 141 
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Fig 5.4ii Densitometer scans of the labelled proteins from leaves 8 and 12h after inoculation. 

These scans are of the fluorograph in Fig 5.3i and were generated by a Hoefer GS

300 densitometer as described in 3.2.10. The numbers along the base of the scans 

refer to the molecular weight in kDa of the marker proteins which are described in 

3.2.8. The numbers on the scans indicate peaks referred to in the text (5.3.4). The 

darker line in each scan is of the proteins from healthy leaves. 

(a) 	 The scan from control leaves (lane 11) overlaid with that from leaves 8h after inoculation 

with the incompatible race 65 (lane 3). 

(b) 	 The scan from control leaves (lane 11) overlaid with that from leaves 8h after inoculation 

with the compatible race 141 (lane 4). 

(c) 	 The scan from contrplleaves (lane 5) overlaid with that from leaves 12 h after inoculation 

with the incompatible race 65 (lane 6). 

(d) 	 The scan from control leaves (lane 5) overlaid with that from leaves inoculated with the 

compatible race 141 (lane 7). 
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Fig 5Aiii 	 Densitometer scans of the labelled proteins from leaves 16 and 20 h after 

inoculation. 

These scans are of the tluorograph in Fig 5 Ai and were generated by a Hoefer GS~ 

300 densitometer as described in 3.2.10. The numbers along the base of the scans 

refer to the molecular weight in kDa of the marker proteins which are described in 

3.2.8. The numbers on the scans indicate peaks referred to in the text (5.304). The 

darker line in each scan is of the proteins from healthy leaves. 

(a) 	 The scan from control leaves (lane 8) overlaid with that from leaves 16 h after inoculation 

with the incompatible race 65 (lane 9). 

(b) 	 The scan from comrolleaves (lane 8) overlaid with that from leaves 16 h after inoculation 

with the compatible race 141 (lane 10). 

(c) 	 The scan from control leaves (lane 11) overlaid with that from leaves 20 h after inoculation 

with the incompatible race 65 (lane 12). 

(d) 	 The scan from control leaves (lane 11) overlaid with that from leaves 20 h after inoculation 

with the compatible race 141 (lane 13). 
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compared with scans up to 20 h after infection. The broadness was due to the very large amount 

of unlabelled material of this size revealed with Coomassie Blue staining (Fig 5. 7i.a). Friedrich 

and Huffaker (1980) reported that although the amount of protein declined from the eighth day 

after planting the total amount of rubisco reached its maximum on the tenth day, presumably 

because it was sequestered from proteases. 

During the period of this experiment the infected plants continued to show increased 

synthesis of polypeptides with sizes between 58 kDa and 108 kDa (3, Fig 5.5 to 5.7). The one 

exception was at 48 h after inoculation in the incompatible interaction (Fig 5.6ii.b) where the scan 

was similar to that from the uninoculated control plants. Also there was a distinct decrease in 

incorporation oflabel into polypeptides with weights of 15 (1) and 51 kDa (2), equivalent to the 

large and small subunits of rubisco, at 3 and 5 days after inoculation with P. hordei (Fig 5.7). 

Again there were no obvious differences between compatible and incompatible interactions 

during this period. 



Fig 5.5i Fluorograph of in vivo protein synthesis in barley leaves from 24 h after 

inoculation. 
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The primary leaves of 7 -day-old Triumph barley seedlings were inoculated with p. 

hordei race 65 or 141. At 24 h after inoculation the proteins of these leaves were 

labelled with 35S-methionine for 2 h. The labelled proteins were then extracted 

(5.2.3), separated by SDS-PAGE (3.2.8), fluorographed using DMSO-PPO (3.2.9) 

and scanned (3.2.10). The numbers to the left of the fluorograph refer to the 

molecular weight in kDa of the marker proteins which are described in 3.2.8. The 

numbers on the iluorograph indicate bands referred to in the text (5.3.4). 

The lanes contained labelled proteins from: 

1. Control leaves for 24 h after inoculation. 

2. . Leaves 24 h after inoculation with the incompatible race 65. 

3. Leaves 24 h after inoculation with the compatible race 141. 
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Fig 5.5ii 
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Densitometer scans of the labelled proteins from leaves 24 h after inoculation. 

These scans are of the fluorograph in Fig 5.5i and were generated by a Hoefer GS-

300 densitometer as described in 3.2.10. The numbers along the base of the scans 

refer to the molecular weight in kDa of the marker proteins which are described in 

3.2.8. The numbers on the scans indicate peaks referred to in the text (5.3.4). The 

darker line in each scan is of the proteins from healthy leaves. 

(a) The scan from control leaves (lane 1) overlaid with that from leaves 24 h after inoculation 

with the incompatible race 65 (lane 2). 

(b) The scan from control leaves (lane 1) overlaid with that from leaves 24 h after inoculation 

with the compatible race 141 (lane 3). 
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Fig 5.6i Fluorograph of in vivo protein synthesis in barley leaves from 48 h after 

inoculation. 
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The primary leaves of7-day old Triumph barley seedlings were inoculated withP. 

hordei race 65 or 141. At 48 h after inoculation the proteins of these leaves were 

labelled with 35S-methionine for 2 h. The labelled proteins were then extracted 

(5.2.3), separated by SDS-PAGE (3.2.8), fluorographed using DMSO-PPO (3.2.9) 

and scanned (3.2.10). The numbers to the right of the fluorograph refer to the 

molecular weight in kDa of the marker proteins which are described in 3.2.8. The 

numbers on the fluorograph indicate bands referred to in the text (5.3.4). 

The lanes contained labelled proteins from: 

1. Control leaves for 48 h after inoculation. 

2. Leaves 48 h after inoculation with the incompatible race 65. 

3. Leaves 48 h after inoculation with the compatible race 141. 
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Fig 5.6ii 
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Densitometer scans of the labelled proteins from leaves 48 h after inoculation. 

These scans are of the fluorograph in Fig 5.6i and were generated by a Hoefer GS-

300 densitometer as described in 3.2.10. The numbers along the base of the scans 

refer to the molecular weight in kDa of the marker proteins which are described in 

3.2.8. The numbers on the scans indicate peaks referred to in the text (5.3.4). The 

darker line in each scan is of the proteins from healthy leaves. 

(a) The scan from control leaves (lane 1) overlaid with that from leaves 48 h after inoculation 

with the incompatible race 65 (lane 2). 

(b) The scan from control leaves (lane 1) overlaid with that from leaves 48 h after inoculation 

with the compatible race 141 (lane 3). 
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Fig 5.7i 	 SDS-PAGE of total protein and fluorograph of in vivo protein synthesis in barley 

leaves from 3 and 5 days after inoculation. 

The primary leaves of 7-day old Triumph barley seedlings were inoculated with p. 

hordei race 65 or 141. At the stated times after inoculation the proteins of these 

leaves were labelled with 35S-methionine for 2 h. The labelled proteins were then 

extracted (5.2.3), separated by SDS-PAGE (3.2.8), fluorographed using DMSO

PPO (3.2.9) and scanned (3.2.10), Fig 5.7i.a (top) shows the SDS-PAGE gel 

stained for protein with Coomassie blue and Fig 5.7i.b (bottom) shows the 

fluorograph of polypeptides labelled in vivo. The numbers to the side of the 

fluorograph refer to the molecular weight in kDa of the marker proteins which are 

described in 3.2.8 and can be seen on the Coomassie-blue stained gel (Fig S.7iLa). 

The numbers on the fluorograph indicate bands referred to in the text (5.3.5). 

The lanes contained labelled proteins from: 

1. Molecular weight markers (Sigma DALTON MARK VU-L see 3.2.8). 

2. Control leaves for 3 days after inoculation. 

3. Leaves 3 days after inoculation with the incompatible race 65. 

4. Leaves 3 days after inoculation with the compatible race 141. 

5. Control leaves for 5 days after inoculation. 

6. Leaves 5 days after inoculation with the incompatible race 65. 

7. Leaves 5 days after inoculation with the compatible race 141. 

8. Molecular weight markers (Sigma SDS-6H see 3.2.8). 
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Fig 5.7ii Densitometer scans of the labelled proteins from leaves 3 and 5 days after 

inoculation. 

These scans are of the flu oro graph in Fig 5.7i.a and were generated by a Hoefer 

GS-300 densitometer as described in 3.2.10. The numbers along the base of the 

scans refer to the molecular weight in kDa of the marker proteins which are 

described in 3.2.8. The numbers on the scans indicate peaks referred to in the text 

(5.3.2). The darker line in each scan is of the proteins from healthy leaves. 

(a) 	 The scan from control leaves (lane 2) overlaid with that from leaves 3 days after inoculation 

with the incompatible P. hordei race 65 (lane 3). 

(b) 	 The scan from control leaves (lane 2) overlaid with that from leaves 3 days after inoculation 

with the compatible P. hordei race 141 (hine 4). 

(c) 	 The scan from control leaves (lane 5) overlaid with that from leaves 5 days after inoculation 

with the incompatible P. hordei race 65 (lane 6). 

(d) 	 The scan from control leaves (lane 1) overlaid with that from leaves 5 days after inoculation 

with the compatible P. hordei race 141 (lane 7). 
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5.4 DISCUSSION 

The results obtained using in vivo labelling and SDS-PAGE of control plants were 

similar to those reported for barley (Manners and Scott, 1984) and wheat (Greenland and Shaw, 

1986). The gels of proteins extracted 7 days afierplanting were dominated by peaks of molecular 

weights 51, 43 and 15 kDa. The first and last of these were expected to be the large and small 

subunits of rubisco, which comprises up to half the protein in barley green tissue (Ellis, 1981). 

Further evidence supporting this designation for the 51 kDa protein was its inhibition by 

chloramphenicol. Chloramphenicol is a specific inhibitor of organelle protein synthesis (Ellis, 

1969) and the large subunit of rubisco is a product of the chloroplast genome (Hartley et ai., 

1975). Conversely the small subunit is synthesised on cytoplasmic polysomes (Grossman et ai., 

1982) and the synthesis of the 15 kDa protein was not inhibited by chloramphenicol. The other 

protein affected by chloramphenicol was of a similar size to the 32 kDa chloroplast "shield 

protein" discussed by Manners and Scott (1984). 

The leaves were labelled for 2 h as suggested by Greenland and Shaw (1986). With 

labelling for 1 h they found no changes in the protein synthesis of infected wheat at up to 3 days 

after inoculation. Significant differences were seen if the length of labelling was increased to 2 

h, consisting of a pulse of 35S-methionine for 1 h followed by a chase of cold methionine for 1 h. 

Greenland and Shaw (1986) used 25 ~ of isotope. In this work, however, 50 ~ was found to be 

the minimum volume that three leaves could be placed in to allow uptake. Therefore the leaves 

were left in this solution for 2 h without a chase to encourage maximum isotope uptake. 

An assumption made in this work was that the labelled polypeptides were synthesised 

by the host rather than the fungus. This was reasonable for the incompatible interaction as growth 

of the avirulent fungal race appeared to be restricted to production of the primary haustoria 

(6.3.1). Therefore the fungus made up only a small part of the total sample. Also, in 

incompatible interactions between powdery mildew and barley, very little 35S-labelled material 

was transferred from the host to the fungus (Hsu and Ellingboe, 1972). However in the later 

stages of growth in the compatible interaction in this work the fungus made up a substantial 

proportion of the leaf. Greenland and Shaw (1986) reported that by 6 days after infection of a 

susceptible wheat cultivar with stem rust a number of novel polypeptides were labelled which 

they assumed were of fungal origin. There was however evidence that the labelled polypeptides 

in the barley- P. hordei interaction were of host origin, in that there were no polypeptides specific 

to the later stages of the compatible interaction when the proportion of fungal material was 
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highest. Presumably the 2- h period of label uptake was too short to allow significant transfer of 

35 S-methionine to the fungal hyphae. 

The changes in protein synthesis following infection as measured by in vivo labelling 

were broadly similar to those reported in Chapter 4 after polysome isolation and translation. 

There was increased synthesis of a group of polypeptides in the size range 58-116 kDa that started 

in the incompatible interaction at 8 h and in the compatible interaction at 12 h after inoculation. 

The protein synthesis in the compatible and incompatible interactions continued to be similar up 

to 5 days after inoculation. 

If the elicitor hypothesis (Keen, 1975) was valid the incompatible but not the 

compatible interaction should show an early change in the pattern of protein synthesis. Although 

the incompatible interaction did show an earlier increase in the synthesis of the protein at 108 kDa 

(Fig 5.4) it was difficult to determine the importance of this result as both interactions then 

displayed similar patterns of protein synthesis throughout the remainder of the period studied. 

Thus it would seem that protein synthesis in this period was not a determinant of resistance. 

However work with inhibitors of transcription indicated that RNA synthesis was necessary for 

resistance to be expressed (Rwendeire and Barnes, 1988) and it was difficult to see how RNA 

could operate other than through effects on protein synthesis. 

If host protein synthesis did not determine the outcome of infection, it was possible 

that the difference between compatible and incompatible interactions was due to tolerance of the 

fungal races to the defences of the plant. Possibly both race 65 and 141 are recognised by 

Triumph and elicit the same response. This would involve the changes in protein synthesis that 

have been observed, and some or all of these changes would involve production of molecules 

involved in defence. However race 141 is able to overcome these defences, for example by being 

immune to a phytoalexin or possessing enzymes that are able to penetrate lignin barriers. The 

defences would halt growth of race 65 but inhibition of host protein synthesis would prevent any 

defence response and thus allow growth of the previously avirulent race. To test this hypothesis it 

would be necessary to learn more of the nature of the defence mechanisms of the plant. 

Another possibility was that there were differences between the compatible and 

incompatible responses during this period but that they were too subtle to be detected by the 

method used, SDS-PAGE. In Chapter 6 two-dimensional gel electrophoresis (2D-PAGE) was 

used to enable further separation of newly synthesised proteins. This technique has enabled 
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detection of proteins that show differential synthesis in incompatible interactions involving barley 

(Manners et al., 1985), wheat (Greenland and Shaw, 1986) and oats (Yamamoto and Tani, 1982). 

Apart from the early changes noted there were also major changes in the synthesis of 

the rubisco subunits. In the susceptible flax-M. lini and badey-powdery mildew interactions 

protein synthesis declined during the first day after inoculation (Sutton and Shaw, 1986; Manners 

and Scott, 1984). In both of these reports reduced synthesis of the large subunit ofrubisco 

accounted for most of the decrease. Because rubisco made up such a large proportion of the total 

labelled protein and was liable to variation between leaves it was difficult to make quantitative 

comparisons in the early stages of infection. However there was evidence of decreased synthesis 

of the large subunit in the compatible interaction by 24 h after inoculation when compared with 

untreated leaves of the same age and there was very little synthesis of either large or small 

subunits by 3 days after infection with either race. 

To summarise, inoculation with P. hordei has been shown to cause changes in protein 

synthesis in barley leaves within 12 h. These changes appear to be related to infection rather than 

to resistance. The proteins involved were further analysed by 2D-PAGE and the results are given 

in Chapter 6. 



114 

CHAPTER SIX 

ANALYSIS OF THE EFFECT OF INFECTION BY TWO-DIMENSIONAL 

GEL ELECTROPHORESIS 

6.1 INTRODUCTION 

6.1.1 General Introduction. 

Chapter 5 considered the changes revealed by SOS-PAGE in the in vivo protein 

synthesis of barley plants infected with P. hordei. These changes appeared similar both in 

compatible and incompatible interactions. This does not clarify whether incompatibility does or 

does not involve protein synthesis. The lack of difference could be due to one of the rust races 

being immune to the plant's resistance mechanisms, or to SOS-PAGE failing to detect subtle 

differences in the protein synthesis which result from the two interactions. 

To test the second possibility the more sensitive technique of two dimensional gel 

electrophoresis (20-PAGE) was used. The system used was a modification of that of O'Farrell 

(1975) who separated proteins by isoelectric focusing in the first dimension and SOS-PAGE in 

the second. A major advantage of this technique is its ability to separate proteins which have 

similar molecular weights but different isoelectric points. In this work. 20-PAGE was 

particularly useful in separating proteins with similar molecular weights to rubisco. 

As a further point, the extent of fungal growth in the compatible and incompatible 

interactions was determined. This could give an indication of the point where resistance 

mechanisms became effective. 



6.1.2 Modifications of the O'FarreIl2D-PAGE Method. 

The 0 'Farrell method of 20-PAGE has been used extensively and has proved a 

powerful tool in the study of protein patterns. However in some systems, notably plants, it has 

been difficult to obtain good resolution, and also there have been problems in reproducibility. 
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Many of the problems found during the analysis of plant proteins have been caused 

during extraction, as described in 5.1.2. Granier (1988) compared 3 extraction methods for plant 

proteins and the resulting 20-PAGE analysis. He found that extraction in a non-denaturing Tris

buffer gave rise to problems with proteolytic degradation and streaking due to phenolic 

compounds. Proteolysis was avoided by the second method, which involved extraction in SOS 

followed by boiling for 3 min and acetone precipitation. However this approach resulted in gels 

with pronounced horizontal streaking. The third method, direct precipitation in acetone-TCA, 

was considered most suitable for detection of differences in plant proteins. 

When analysing 20-PAGE gels Ouncan and Hershey (1984) noted that most of the 

loss of resolution and lack of reproducibility occurred during the horizontal or isoelectric focusing 

(IEF) dimension. They evaluated the conditions for IEF and suggested that increasing the 

concentration of the anode solution (Phosphoric acid) from 10 to 25 mM and the cathode solution 

(sodium hydroxide) from 20 to 50 mM improved resolution and consistency. They also 

recommended an increase in the duration oflEF from 5600 to 10000 volt-hours. 

Another problem is that .to detect minor polypeptides it is necessary to analyse 

relatively large amounts of total protein. This leads to high concentrations of the abundant 

proteins, such as the rubisco subunits, and these can overload the ampholytes causing poor 

resolution in that section of the gel. This problem can be minimised by increasing the ampholyte 
} 

concentration from 2% (O'Farrell, 1975) to a maximum of 5% (Holloway and Arundel, 1988). 

Following IEF O'Farrell (1975) either equilibrated the IEF gels and applied them to 

the SOS-PAGE or stored them frozen in equilibration buffer. An additional step involving 

staining of the gels in Coomassie brilliant blue R (Sigma) has been developed by Jackie (1975). 

This method has improved resolution of stored gels and allowed a visual check on the success of 

the IEF gels. 

The ideal length of time for equilibration of the IEF gels before applying to the 

second dimension has has been reported to be from 15 min to 2 h. O'Farrell (1975) 
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recommended 2 h. Duncan and Hershey (1984) recommended a 15 min equilibration; longer 

resolution times had little effect on resolution but did result in loss of labelled protein, particularly 

of low molecular weight proteins. Also increasing the concentration of SDS in the equilibration 

buffer from 2.3 to 5% was found to decrease vertical streaking in the SDS-PAGE gels (Holloway 

and Arundel, 1988). 

In the second dimension O'Farrell (1975) used a 5-22.5% exponential gradient gel 

and other reports quote a variety of gradients. Damerval et al. (1986) used an 11 % gel without a 

stacking gel to detect genetic variation in wheat. They reported that the larger surface area 

improved the ability of the method to detect differences. Also a single concentration gel avoided 

the variability due to mixing and pouring of gradients. 

6.1.3 Use of2D-PAGE in the Study of Resistance. 

This technique has been used to study protein synthesis in several plant-pathogen 

interactions. In wheat infected with stem rust increases were found in the synthesis of about 10 

proteins of molecular weights from 57 to 110 kDa 24 h after inoculation both in resistant and 

susceptible isogenic cultivars (Greenland and Shaw, 1986). Included among these were 2 

proteins of molecular weights 57 and 65 kDa which were not present in the healthy plants. The 

increased synthesis of all these proteins continued until the third day after inoculation in the 

resistant but not the susceptible plants. A similar pattern, transient increase in synthesis of 

specific proteins in infected plants which continued only in the incompatible interaction, was 

observed in peas infected with Fusarium solani (Wagoner et al., 1982; Hadwiger and Wagoner, 

1983). 

Yamamoto and Tani (1982) found that crown rust infection caused an increase in the 

production of 10 cytoplasmic polypeptides by oats 16-20 h after inoculation. In the incompatible 

interaction there were also increases in the synthesis of another 11 polypeptides. Thus, in these 

interactions, resistance would appear to be charaterised by the increased synthesis of specific 

proteins. 

Yet another pattern was reported in flax following infection with flax rust (Sutton and 

Shaw, 1986). At 18 h after inoculation, plants infected with a virulent race showed a decline in 

the labelling of a 55 kDa polypeptide which appeared to be the large subunit of rubisco. In the 

susceptible combination there were increases in the labelling of 5 minor polypeptides with 
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molecular weights of about 40 kDa. Possibly some of these polypeptides represent breakdown 

products from turnover of the newly synthesised rubisco large subunit. No differences were seen 

in the 2D-PAGE of labelled proteins from noninoculated plants and those inoculated with an 

avirulent race. 

In barley changes have been shown in cytoplasmic protein synthesis following 

infection with powdery mildew (Manners et al., 1985). They used 3 pairs of susceptible and 

resistant isogenic cultivars of barley which differed in their resistance genes. One, the Mia gene, 

prevented fungal growth from 24 h after inoculation, while the others, Mlk and MIp genes, 

allowed fungal growth for several days. When the gene expression was analysed by in vivo 

labelling followed by 2D-PAGE, increased synthesis of some polypeptides was observed in each 

incompatible interaction, while there was a decrease in the synthesis of other proteins. In the 

cultivar with the Mia gene these changes were evident 24 h after inoculation, while in those with 

the MIp and Mlk genes they were first detected at 48 h. All three resistance genes appeared to 

control the synthesis of a common set of polypeptides, although the genes that conditioned the 

slower response showed changes in more polypeptides. 

These workers have subsequently isolated cDNA clones for 6 of the polypeptides 

which have shown enhanced synthesis in the cultivar containing the MIp resistance gene 

(Davidson et al., 1987). Using these as hybridisation probes, they have followed the induction of 

the mRNA for the polypeptides. All six rnRNAs showed increased levels by 24 h after 

inoculation but otherwise they varied markedly in their kinetics of induction. In most cases the 

specific mRNA levels also increased in the susceptible isogenic cultivar, but usually either 

transiently or to a lesser extent. The mRNA for one polypeptide showed a transient increase in 

levels peaking at 24 h after inoculation, and both resistant and susceptible cultivars were equally 

effected. Thus it would seem that the MIp gene has a complex regulatory effect on the expression 

of at least 5 polypeptides. 

This chapter concentrates on the protein synthesis that occurred from 12-18 h after 

inoculation as this was the earliest time when increased synthesis of specific size classes of 

polypeptides in the inoculated plants was detected (Chapter 5). Also the effects of transcription 

inhibitors (Rwendeire and Barnes, 1988) indicated that this was an important period for gene 

expression. Protein synthesis at later times was also analysed to show the progress of the 

responses. 
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6.2 METHODS 

6.2.1 Inoculation, Labelling and Protein Extraction. 

These methods have been described in 5.2.1 and 5.2.3.2. 

6.2.2 Chlorazol Black E Staining for Fungal Growth. 

The leaves of infected plants were picked at times up to 7 days after inoculation and 

the whole leaves were stained to show up fungal hyphae. The method used was essentially that of 

Keane et al. (1988). 

Pieces of infected barley leaf were submerged in a Chlorazol Black E solution for 7 

days. This solution was made up as follows: phenol, 75 g; chloral hydrate, 225 g; ethanol, 150 

ml; chlorofonn, 75 ml; lactic acid (90%), 62 m1; 0.5 g Chlorazol Black E (Azo Black "Gurr"). 

The mixture was stirred overnight and fIltered. The solution was always handled with disposable 

gloves as it is a potential carcinogen. 

After staining the leaves were rinsed briefly in water and then destained in chloral 

hydrate (2.5 glml) for a day. The cleared leaves were mounted in 50% glycerol and observed 

using differential interference contrast optics on a Carl Zeiss microscope (Oberkochen, West 

Gennany). 

6.2.3 Two-dimensional Gel Electrophoresis. 

This involved isoelectric focusing (1EF) in tube gels followed by SDS-PAGE. The 

method of O'Farrell (1975) was adapted as described in results. 

The IEF gels were prepared as follows. Urea (2.75 g) was dissolved with gentle 

heating in 0.665 ml of stock acrylamide (28.38% acrylamide, 1.62% bis-acrylamide), 1.5 ml of 

10% Triton X-lOO and 0.3 ml of water. This solution was deionised by filtering through 

Amberlite MB-3 resin and the ampholytes added. These were a mixture of 0.4 ml of Ampholyte 

pH 5-8 (LKB Broma) and 0.1 ml Servalyt pH 3-10 (Serva Feinbiochemica GMBH and Co.). 
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The solution was degassed by sonicating in a Branson cleaning bath (Branson 

Cleaning Equipment Company) at 50/60 Hz and 125 watts for 5min. During this time the gel 

tubes (110 x 1.0 mm) were prepared and the bottom ends sealed off using dialysis tubing held in 

place with rubber rings. Gel formation was initiated by addition of 4 "u ofN,N,N,N'

tetramethylethylenediamine (TEMED) and 10 "u 10% ammonium persulphate. A syringe was 

used to get the mixture into the tubes without introducing air bubbles. Sample buffer was used to 

overlay the gel solution. The gels were allowed to set at room temperature for at least 1 h. 

The gels were set up in a Model 172A Tube Gel Electrophoresis cell (Biorad) with 25 

mM phosphoric acid in the bottom reservoir. The protein samples were applied to the tubes using 

a 1 ml disposable syringe and 400 ml degassed 50 mM sodium hydroxide was poured into the top 

reservoir. The system was run at 500 V for 16 h followed by 1 h at 1000 V. 

The focused gels were removed and stained according to Jaclde (1979). This 

involved staining in 0.1 % Coomassie blue R in 10% acetic acid, 50% methanol for an hour 

followed by destaining in 10% acetic acid, 50% methanol. Destained gels were stored at room 

temperature until needed for processing in the second dimension. 

One unstained IEF gel was used to check the pH range. This was cut into 1 cm 

segments. Each was placed in 2 ml of distilled water for at least 2 h and then the pH was 

measured. 

The IEF gels were equilibrated for 20 min in 10% glycerol, 5% SDS, 1.25% DIT and 

62.5mM tris-CI, pH 6.8. A standard SDS-PAGE gradient gel was prepared as described in 3.2.8 

and overlayered with a stacking gel. The glass plates used had a beveled top edge. The IEF gel 

was transferred to the top of the stacking gel after being arranged in a line on a piece of parafilrn. 

Care was taken to avoid stretching the IEF gel. 

The electrophoresis was in tris-glycine-SDS buffer at 30 rnA until the voltage 

reached 300 V and then at a constant 300 V until 1 h after the Coomassie blue from the IEF gel 

ran off the end of the gel. Molecular weight standards as described in 3.2.8 were run beside the 

IEF gel. Because these were placed in a well in the stacking gel while the IEF gel was layered on 

top of the gel the molecular weights shown are only approximate. If 2 gels were to be run in 

parallel the current was set at 50 rnA. 



After completion of the electrophoresis the gel was stained in Coomassie blue and 

destained as described in 3.2.8. 

6.2.4 Preparation of Gels for Fluorography. 
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The destained gel was immersed in 100 ml of Amplify (Amersham International pIc) 

plus 11 ml of 100% glycerol and agitated on a shaking water bath. After 30 min the gel was 

floated on to Whatman 3M fllter paper and covered with cellophane. Then the gel was dried on a 

Biorad gel dryer for 2 h at 800 as described in 3.2.10. 

6.2.5 Silver Staining of Gels. 

To check the resolution of the two-dimensional electrophoresis some gels were silver 

stained. The colour-based stain of Sammons et al. (1981) was used. 

Once the Coomassie blue-stained gel had been destained, it was washed in three 

changes of distilled water each of 1 h and then left in 200 ml of a 0.19% silver nitrate solution for 

1 h. Then the gel was rinsed in distilled water for 15 seconds followed by a 10 second rinse in 

100 ml of reducing solution (3% sodium hydroxide containing 0.75% formaldehyde) and 

incubated in a fresh solution of 200 ml of the reducing solution until spots developed. At this 

stage the reducing solution was replaced with colour-enhancing solution (0.7% sodium 

carbonate). After 1 h the colour-enhancing solution was replaced with a fresh solution. The gel 

was then photographed. 
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6.3 RESULTS 

6.3.1 Growth of P. hordei. 

In the compatible interaction between Triumph and race 141 of P. hordei extensive 

growth was evident inside the leaves by 3 days after inoculation (Fig 6.1a) and uredia producing 

urediospores were present 7 days after inoculation (Fig 6.1 b). 

Some of the spores of the incompatible P. hordei race 65 had germinated and 

penetrated the plant by the third day (Fig 6.2a). However there was no evidence of significant 

colonies. Leaves stained 7 days after infection showed only small, indistinct areas of fungal 

tissue (Fig 6.2b). 

6.3.2 Modifications of2D-PAGE method. 

All separations were based on the method of O'Farrell (1975) with IEF followed by 

SDS-PAGE. As discussed in 6.1.2 many modifications to this method have been recommended 

to improve resolution and reproducibility. 

Initially the proteins were labelled in vivo and extracted by the method of Gabriel and 

Ellingboe (1982) as described in 5.2.3.1 and analysed on 2D-PAGE by the unmodified method of 

O'Farrell (1975). As shown in fig 6.3 the resulting fluorographs showed very poor resolulion. 

Part of the problem may have been in the extraction, as discussed in Chapter 5 but the way in 

which the proteins separated into horizontal lines suggested problems with the 1EF. The 

extraction method for all subsequent in vivo labelling experiments was that of Damerval et al. 

(1986) which has been described in 5.2.3.2. 

In the same paper, a modified O'Farrell (1975) 2D-PAGE technique was described 

for cereal proteins. The modifications, which were adopted, involved a doubling of the 

ampholyte concentration to 4%, replacement of NP-40 with Triton X-loo in the IEF gels and the 

use of gels with a uniform 11 % acrylamide concentration and no stacking gels in the second 

dimension. This technique gave a good separation, as shown by Coomassie blue staining (Fig 

6.4a). Silver staining showed up far more proteins (Fig 6.4b) and also extensive vertical 



Fig 6.1 
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Growth of P. hordei in the Compatible Interaction. 

Leaves of the barley cultivarTriumph were infected with the virulent race 141 of P. 

hordei. At the stated times after inoculation they were stained with Chlorazol Black 

E (Keane et ai, 1988) as described in 6.2.2. 

(top) Fungal growth 3 days after inoculation (160 times magnification). 

(bottom) Production of urediospores 7 days after inoculation (160 times magnification). 
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Fig 6.2 

123 

Growth of P. hordei in the Incompatible Interaction. 

Leaves of the barley cultivar Triumph were infected with the avirulent race 65 of P. 

hordei. At the stated times after inoculation they were stained with Chlorazol Black 

E (Keane et al. 1988) as described in 6.2.2. 

(top) Fungal growth 3 days after inoculation (400 times magnification). In the top right 

can be seen mycelial growth and attempted haustoria fonnation. 

(bottom) Fungal material 7 days after inoculation (400 times magnification). 



Fig 6.3 Separation of barley proleins by 2D-PAGE following extraction in an SDS-tris 

buffer. 
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Leaves of 8-day old seedlings of the barley cultivar Triumph were labelled with 35S_ 

methionine. Following labelling the proteins were extracted by the method of 

Gabriel and Ellingboe (1982) as described in 5.2.3.1. The extracted proteins were 

analysed by 2D-PAGE (6.2.3) and fluorographed. 

lEF dimension 

SDS 

dimension 



Fig 6.4 Separation of barley proteins by 2D-PAGE following extraction in a TCA-acetone 

buffer. 
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Leaves of 8-day old seedlings of the barley cultivar Triumph were labelled with 35S_ 

methionine. Following labelling the proteins were extracted and analysed be 2D

PAGE as described by electrophoresed by the method of Damerval et al. (1986). The 

gel was stained with Coomassie blue (top) and then with the silver stain of Sammons 

et al. (1981) described in 6.2.5 (bottom). The numbers on the left side refer to the 

molecular weights of the standard proteins described in 3.2.8. 
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Fig 6.5 Fluorograph of in vivo labelled proteins from 8-day old barley leaves extracted and 

electrophoresed by the method of Damerval et al (1986). The numbers on the right 

side of the flourograph refer to the molecular weight of the marker proteins which 

were as described in 3.2.8. The acidic end of the IEF gel was to the right. 
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The newly synthesised proteins revealed by tluorography varied considerably from 

the proportions of proteins present as detected by Coomassie blue staining (Fig 6.6a and b). 

Particularly noticeable are the differences between the synthesis and the presence of the 2 major 

polypeptides at 15 and 51 kDa. These were considered to be the small and large subunits of 

rubisco on the basis of their size and prominence amongst leaf proteins. 

6.3.3 Early Changes in Protein Synthesis following Infection. 

Based on the results in Chapter 5 the period from 12 to 18 h after ihoculation was 

considered the most important in determination of the type of interaction. Thus protein synthesis 

in the periods 12-14 h and 16-18 h after inoculation was analysed by 2D-PAGE. Because of the 

problems discussed in 6.3.2, only changes evident on replicate gels were considered to be a result 

of infection. When comparing different gels there were obvious differences in their horizontal or 

IEF dimensions. However the overall patterns of spots were similar. Thus when considering 

whether particular spots were the same on 2 gels comparisons were made on the the basis of their 

relative positions in the constellation of constant spots. Effectively this meant using the 

constitutive polypeptides as internal standards. Another problem in the IEF dimension was the 

occasional loss of one or other end of the gel when removing it from the tube; therefore changes 

seen at the edges of the fluorogaphs have to take this into account. Also as the molecular weight 

standards started the SDS-PAGE dimension about 5 mm lower than the sample proteins the 

molecular weights stated are only approximate. The time of inoculation was selected so that both 

the 12-14 h and 16-18 h labelling were from 9-11 am on the eighth day after planting. Thus the 

same control fluorograph could be used for both times (Fig 6.7a). 

In the discussion below the numbers in brackets refer to the numbered spots on Fig 

6.7-9. These numbers identify the same spots in each gel to make comparisons easier. 

In the incompatible interaction at 12 h after inoculation there was one polypeptide of 

75 kDa (1 in Fig 6.7b) and two others of about 100 and 110 kDa (4 and 12) which showed clear 

increases in synthesis compared with the control (Fig 6.7a). There were several other minor 

polypeptides evident in the same region but it was difficult to be sure whether these were only 

visible because of the higher resolutIon of this fluorograph. An additional polypeptide was 

visible at 64 kDa (13). There was a decrease in the intensity of two spots at 58 (2) and 64 kDa (3) 

when compared with the 2D-PAGE of the control leaves. In the same interaction 4 h later (Fig 

6.8a) there was increased labelling of polypeptides at 35 (8),70 (15), 100 (4) and 110 kDa (12). 



Fig 6.6 Comparison between the newly synthesised and total protein in barley leaves 5 days 

after infection with P. hordei race 65. 

The primary leaves of7-day old Triumph barley seedlings were inoculated withP. 

hordei race 65. Five days after inoculation the proteins of these leaves were labelled 

with 35S-methionine for 2 h. The labelled proteins were extracted (5.2.3.2), 

separated by 2D-PAGE (6.2.3) and stained with Coomassie blue. The stained gel 

was fluorographed using Amplify (6.2.4). The stained gel (top) reveals the total 

protein present while the fluorograph (bottom) shows the proteins synthesised during 

the 2 h of labelling. The numbers on the right of the fluorograph refer to the 

molecular weight of the marker proteins visible in the Coomassie blue-stained gel 

. and which were described in 3.2.8. The acidic end of the IEF gel was to the right 
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Fig 6.7 	 Fluorographs of2D-PAGE analysis ofprotcins synthesised by barley leaves 12-14 h 

after infection with P. hordei. The numbers on the right side of each fluorograph 

refer to the molecular weight of the marker proteins which were as described in 3.2.8. 

The acidic end of the JEF'gel was to the right- Numbers on the fluorographs indicate 

polypeptides which are referred to in the text (6.3.3). 

(a) Control leaves. 

(b) Leaves infected with the avirulent race 65. 

(c) Leaves infected with the virulent race 14 L 

.. 
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The proteins synthesised from 20-22 h after inoculation with race 65 were also analysed by 20-

PAGE (Fig 6.9). Although the synthesis from both control and inoculated leaves differed from 

other times there was evidence of a comparative increase in synthesis of these specific proteins at 

35 (8).45 (16). 70 (9) and 75 kDa (1) and also of other proteins of between 65 and 110 kDa 

following infection with an avirulent race. The vertical streaking on these gels made it difficult to 

detennine whether there were increases in the polypeptides equivalent to spots 12 and 15 on 

earlier gels. 

In the compatible interaction (Fig 6.7c) 6 polypeptides (4. 5. 6. 7. 8 and 12) were 

more prominent 12 h after inoculation than in the uninoculated controls. Two of these (4 and 12) 

had also shown increased synthesis in the incompatible interaction and another 2 with molecular 

weights of 66 kDa (5 and 6) were not visible in the controls. 

The replicate 20-PAGE gels from 16 h after inoculation with the virulent fungal race 

(141) differed in the polypeptides detected (Fig 6.8b and 6.8c). In fig 6.8b shows a continuation 

in the increased synthesis of all but one of the polypeptides detected at 12 h after inoculation 

(4,5,6,7,8) and also of polypeptides with weights of 18 (10).20 kD (11).70 (9) and 75 kDa (1). 

Fig 6.8c shows a similar pattern with differences in the intensity of some of the labelled proteins. 

However the polypeptides with sizes of 35 (8) and 54 kDa (7) showed no increase in labelling 

compared with controls. Also spots 10 and 11 appeared to be in a slightly different position. 

In summary. infection of barley with P. hordei led to increased synthesis of a number 

of polypeptides. Most of these were common to both compatible and incompatible interactions 

but two (5 and 6) were only synthesised after infection with the virulent fungal race. No clear 

declines in the synthesis of particular proteins were seen but these were harder to detect than 

increases from minimal background levels. 

6.3.4 Changes in Protein Synthesis at later stages in Infection. 

Infected plants were fed 35S-methionine and their proteins extracted and analysed 3 

and 5 days after inoculation. The resulting fluorographs are shown in Fig 6.10 and 6.11. The IEF 

gels for these were run for 13000 Vb instead of the nonnal 9000 Vb. Although they follow the 

same general pattern as the earlier 20-PAGE. the position of the 2 largest spots (1 and 6) had 

moved in the IEF dimension relative to each other. Similar changes in position were found with 

differences between length ofIEF by Duncan and Hershey (1984). 



Fig 6.8 	 Fluorographs of2D-PAGE analysis of proteins synthesised by barley leaves 16-18 h 

after infection with P. hordei. The control fluorograph was the same as Fig 6.8a. 

The numbers on the right side of each fluorograph refer to the molecular weight of 

the marker proteins which were as described in 3.2.8. The acidic end of the IEF gel 

was to the right. Numbers on the fluorographs indicate polypeptides which are 

referred to in the text (6.3.3). 

(a) Leaves infected with the avirulent race 65. 

(b) Leaves infected with the virulent race 141. 

(c) Leaves infected with the avirulent race 141 (separate experiment from b). 
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The numbers in the text refer to the numbered spots on Fig 6.10 and 11. Numbers 1-

12 refer to spots that show a decrease in intensity when compared with the controls and 13-19 to 

spots which are darker. 

Compared with the fluorographs from the first day after inoculation, the most 

. obvious effect was in the synthesis of the rubisco subunits (1 and 6). There was some decline in 

synthesis in the controls, probably as a result of senesence, however this decline was greatly 

accentated in the infected plants. By the fifth day, there was neglible synthesis of either of these 

proteins in the compatible interaction (Fig 6. llc). 

Synthesis of two other polypeptides of 15 kDa (2 and 3) declined concurrently with 

that of the small subunit ofrubisco and may be related to it Apart from the spots related to 

rubisco, several other spots show a relative decrease in intensity following infection with either 

race of P. hordei (e.g. 8 and 10). Other spots show relative declines only in either the 

incompatible (7) or compatible interactions (11 and 12). 

The synthesis of some polypeptides had increased following infection. Amongst 

these was a number of polypeptides of molecular weights greater than 65 kDa, with acidic pI 

values. The 75-kDa polypeptide (19) which was in the same position as spot 1 in Fig 6.7-9 was 

higher in the infected plants and particularly intense in the incompatible interaction at 5 days after 

inoculation. A polypeptide with a molecular weight of 50 kDa (18) was specific to the 

incompatible interaction. Although it is difficult to see in Fig 6.11 b, it is visible in the less 

exposed fluorograph of Fig 6.6a. 



Fig 6.10 Fluorographs of 2D-PAGE analysis of proteins synthesised by barley leaves 3 days 

after infection with P. hordei. The numbers on the right side of each tluorograph 

refer to the molecular weight of the marker proteins which were as described in 3.2.8. 

The acidic end of the IEF gel was to the right. Numbers on the fluorographs indicate 

polypeptides which are referred to in the text (6.3.3). 

(a) Controlleaves. 

(b) Leaves infected with the avirulent race 65. 

(c) . Leaves infected with the virulent race 141. 
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Fig 6.11 	 Fluorographs of 2D-PAGE analysis of proteins synthesised by barley leaves 5 days 

after infection with P. hordei. The numbers refer to the molecular weight of the 

marker proteins which were as described in 3.2.8. The acidic end of the IEF gel was 

to the right. Numbers on the fluorographs indicate polypeptides which are referred to 

in the text (6.3.3). 

(a) Control leaves. 

(b) Leaves infected with the avirulent race 65. 

(c) Leaves infected with the virulent race 141. 
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6.4 DISCUSSION 

The difference in extent of growth by the 2 fungal races at 3 days after inoculation 

indicated the nature of the interactions that had been detennined earlier. For the incompatible 

interaction, Fig 6.2a would indicate that the plant defenses prevented fungal growth after 

fonnation of the initial haustoria. 
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The 2D-PAGE technique was used to obtain a clearer picture of the nature of the host 

response. Before this was possible, it was necessary to modify the 2D-PAGE method of O'Farrell 

(1975). These adaptations greatly increased the reproducibility and resolution of the 2D-PAGE. 

However many of the fluorographs still showed vertical streaking in line with the largest spot, 

which was assumed to be the large subunit of rubisco. Unfortunately this made it difficult to 

analyse several polypeptides, some of which were in the size range 60-100 kDa. These were the 

sizes of polypeptides seen on SDS-PAGE which had shown increased synthesis following 

infection. Another problem was spreading of the spots in this region. Both these problems were 

caused by local overloading of the ampholyte gradient in the IEF by the large subunit and are less 

pronounced in gels with lighter loading of protein. Because rubisco makes up such a large 

proportion of the leaf protein, it was difficult to avoid this overloading other than by increasing 

the concentration of isotope used for radioactive labelling. This would have allowed detection of 

minor spots while using less protein, but would have been too expensive. 

Apart from the streaking there was some variation in the pattern between 

fluorographs of repeated experiments (e.g. Fig 6.8b and c). Again many of these differences 

occurred in the region of the large subunit. Colas des Francs et al. (1985) found in their 

extractions and 2D-PAGE of wheat leaf proteins that many of the spots were degradation 

products of the large subunit generated during extraction. In the current work there were two 

spots at 15 kDa (2 and 3 in Fig 6.10 and 6.11) which appeared related to the small subunit of 

rubisco. These may be degradation products caused by extraction but it seems unlikely that only 

the small subunit should be affected. Alternatively they could result from in vivo turnover of 

newly synthesised small subunits or be intennediates in the transport of small subunit into 

chloroplasts. These options could be tested using pulse-chase experiments. 

Although there were the problems outlined above, the 2D-PAGE method revealed a 

number of changes following infection. The'most obvious was the decline in the labelling of the 

subunits of rubisco evident 3 days after inoculation and particularly pronounced in the compatible 

interaction at 5 days. This was in accord with reported effect of P. hordei on photosynthesis in 



barley (Ahmed et al., 1983; Scholes and Farrer, 1986) and also of the effects of biotrophs on 

rubisco in other hosts (Manners and Scott, 1983; Sutton and Shaw, 1986; Greenland and Shaw, 

1986). 
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Other changes, evident by 12 h after inoculation, included increased synthesis of 

specific polypeptides in infected plants relative to the controls. Several of these were common to 

both compatible and incompatible interactions. Others occurred only in the compatible 

interaction. Where the synthesis of a particular protein had shown similar alterations in both 

compatible and incompatible interactions it was unlikely to be important in determining the 

nature of interaction. These changes may have been part of the plant's general wound response 

(Ward, 1986) to damage caused by the invading fungal mycelia and haustoria. If this was the 

case then overcoming these responses would be part of the establishment of basic compatibility 

(Ellingboe, 1976) for the P. hordei. Alternatively, as discussed in Chapter 5, determination of 

compatibility may reside in the ability ofrace 141 but not race 65 to overcome any defences these 

polypeptides may be involved in. 

The role of the two polypeptides which showed specific increases in synthesis during 

early stages of the compatible interaction is obscure. For the reasons discussed in 5.4 they were 

assumed to be of host origin. They were unlikely to be necessary for inducing susceptibility in 

the host as inhibition of host protein synthesis in this period, 12-18 h after inoculation, led to 

increased fungal growth (Rwendeire and Barnes, 1988). However there is evidence of enzymes 

whose synthesisis was increased in successful infection. Examples of enzymes which have 

shown increased activity in compatible interactions include ribonuclease in barley (Chakravorty 

and Scott, 1979; Barnes et aZ., 1988) and wheat (Chakravorty et aZ., 1974) and invertase ~ oats 

(Greenland and Lewis, 1983). In all these reports the increased activity was associated with 

altered enzymatic properties. 

As in the previous chapters the results of this work. did not support the elicitor 

hypothesis (Keen, 1975). It is possible, although there were no new polypeptides specific to the 

_incompatible interaction, that the type of interaction is determined by a quantitative effect; i.e. the 

avirulent race triggered a stronger response. It was difficult to determine quantitative differences 

in this work for a number of reasons. Firstly, as discussed in Chapter 4, these experiments were 

set up to compare fluorographs of similar overall intenstty. This did not mean that the overall 

protein synthesis in the different interactions was at the same level. In fact, the evidence in other 

systems indicates a decline in protein synthesis in compatible interactions and a possible increase 

in the incompatible interactions (Manners and Scott, 1984; Sutton and Shaw, 1986), which also 
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fitted the effect of infection on polysome translations described in 4.3.4. Also it was considerably 

more difficult to make comparisons between spots of similar intensity on these gels than between 

. bands on different lanes on SDS-PAGE. Finally if the host response was localised then the 

number of cells responding would be determined by the extent of fungal growth. As discussed in 

6.3.1, this was much greater in the compatible than the incompatible interaction from the third 

day after inoculation. Thus changes in the 2D-P AGE of the incompatible interaction may have 

represented greatly increased synthesis by a few cells. 

As described in 6.1.3 changes in gene expression of barley leaves infected with 

another biotrophic fungus, powdery mildew, have been analysed using 2D-PAGE (Manners et al., 

1985). In their work chloramphenicol was used to prevent protein synthesis by the chloroplasts. 

This approach was not used in the current work for two reasons. Inhibitors, such as 

chloramphenicol, have been reported to have side effects on general metabolism (Galling, 1982). 

Also gene expression between the nuclear and chloroplastic genome has been shown to be co

ordinated (Hemmingsen and Stumman, 1982). Thus inhibiting protein synthesis in the 

chloroplast could alter the pattern of cytoplasmic protein synthesis. 

In the 48 h following infection Manners et al. (1985) found that 8 polypeptides had 

shown increased synthesis in the resistant relative to the susceptible host in all 3 isogenic pairs 

used. Of these, 6 had molecular sizes less than 40 kDa and the remainder were approximately 70 

and 80 kDa. Another 10 proteins showed increased synthesis by the resistant plants in 2 of the 

isogenic pairs. Two of these proteins had molecular weights of about 70 kDa while the rest were 

50 kDa or less. Another 14 proteins which were expressed in the healthy controls were 

specifically supressed during resistance. 

Comparison between their results and those reported in this chapter was complicated 

by differences in the 2D-PAGE techniques and the use of chloramphenicol by Manners et al. 

(1985). However, allowing for these differences, the overall pattern of spots on the gels was 

comparable. There was no consistent evidence of increased synthesis of polypeptides of less than 

50 kDa which were specific to resistance to the leaf rust as seen in powdery mildew interactions. 

On the other hand the increased synthesis of a group of polypeptides with sizes greater than 60 

kDa and acidic pI values was common to the resistance response to both pathogens. Most of the 

polypeptides which showed increased synthesis during the resistance reaction of wheat to stem 

rust were also in this size range (Greenland and Shaw, 1986). 
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In summary infection of the barley cultivar Triumph with P. hordei was followed by 

changes in the synthesis of a number of proteins and some of these changes were specific to the 

compatible interaction. But there was no evidence of increased synthesis of proteins specific to 

the incompatible interaction as predicted by the elicitor hypothesis. 
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CHAPTER SEVEN 

GENERAL DISCUSSION 

7.1 DISCUSSION OF WORK. 

The general purpose of this thesis was to examine the effect of infection by the 

biotrophic fungus P. hordei on protein synthesis in the barley cultivarTriumph. More 

specifically it was to test some aspects of the elicitor hypothesis (2.2.3). As proposed by Keen 

(1975) this hypothesis suggests that interactions between specific fungal elicitors and 

complementary plant receptors initiates an inducible host defence mechanism. As explained in 

Chapter 2, many of the components of the host's inducible defences require changes in enzyme 

activity or amount. Therefore the major aim of this thesis was to reveal whether there were 

changes in the pattern of protein synthesis following infection of barley with P. hordei, and to 

determine what changes in the pattern of protein synthesis occurred in the incompatible and not in 

the compatible interaction. 

To this end 2 races of P. hordei were used. One of the races (141) grew on Triumph 

leaves and produced spores, albeit more slowly than on the totally susceptible cultivar Zephyr. 

The other race (65) was avirulent on Triumph and caused a hypersensitive reaction as evidenced 

by brown spots. The extent of fungal growth in the compatible and incompatible interactions was 

determined. This was to ascertain at what stage the resistance mechanisms operated in the 

incompatible interaction. 

Although many examples of hypersensitive resistance appear to occur during the 

formation of the first haustorium (Heath, 1982) there are exceptions. The barley cultivar Cebada 

Capa was reported to allow vegetative growth of P. hordeibut to express resistance by preventing 

sporulation (Clifford and Roderick, 1981). In this sort of interaction the important differences 

between compatibility and incompatibility may only occur after several days. However the 

avirulent race (65) in the current work showed little evidence of growth beyond the fonnation of 

the primary haustoria. As the majority of germinating spOres should reach this stage in the first 

day after inoculation it is assumed that any difference in host response should occur by this point. 
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Another line of evidence which supported the choice of this period was the effect of 

the transcription inhibitor actinomycin D on the resistance response. Actinomycin D, applied to 

the host up to 16 h after inoculation, allowed growth of P. hordei on a normally resistant cultivar 

to the same extent as on a susceptible cultivar (Rwendeire and Barnes, 1988). Later application 

had less effect, until by 24 h after inoculation the inhibitor caused no decline in host resistance. 

Thus it would seem RNA transcription during the 24 h following inoculation was required for 

resistance. Although this RNA may have had a direct role in resistance it was considered more 

likely that it acted as the template for production of proteins involved in the defences of the host 

In the current work the proteins synthesised in barley following infection with P. hordei were 

analysed by 2 different methods. 

The initial approach to measuring gene expression over this period was to isolate the 

mRNA directly as polysomes and complete translation of the RNA using an in vitro run-off 

system. This allowed a "snap-shot" of protein synthesis at the time of isolation. It also made it 

possible to study specific sections of the gene expression of the plant The system used, a wheat 

germ extract, preferentially translated proteins on 80S ribosomes, allowing study of cytoplasmic 

synthesis without the background of those proteins produced by the chloroplast. It was possible 

to separate further the proteins into those synthesised on free and membrane-bound polysomes. 

The proteins synthesised on membrane-bound polysomes were of particular interest, as they 

included membrane proteins which were the host proteins in closest contact with the fungus. 

Unfortunately polysome isolation, and in particular isolation of membrane-bound polysomes, 

required relatively large amounts of inoculated material and the analysis involved a number of 

complex steps which made it difficult to obtain conclusive results. 

As reported in Chapters 5 and 6, another method, in vivo labelling of protein 

synthesis, detected more definite changes following infection. As this approach was simpler there 

were fewer artefacts. Also, as less material was required, it was possible to use heavy 

inoculations of the fungal spores. However this same small amount of material, 3 leaves per 

extraction compared with about 24 for polysome isolation, increased the chance of encountering 

variability in the plant material. This was particularly noticeable in the case of the 3 polypeptides 

with molecular weights 15,43 and 51 kDa, which made up a large proportion of the total protein. 

Initially there were also problems in separating unmodified proteins from the phenolics and other 

compounds present in leaves. However this was overcome using a TCA-acetone extraction. 

Another disadvantage, compared with polysome isolation, was the 2 h it took to label the 

proteins. This allowed in vivo degradation of the newly synthesised proteins. 
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The results in Chapters 4 and 5 show clear differences between gene expression in the 

healthy plants and those that were infected. In the first day following inoculation, infected plants 

showed increased synthesis of a series of polypeptides with sizes between 60 and 100 kDa. This 

continued throughout the period analysed. As analysis by SDS-PAGE did not reveal any obvious 

differences between the compatible and incompatible interactions, the labelled polypeptides were 

further separated by 2D-PAGE. This showed that, although most of the changes were common to 

. both interactions, a few only occurred following infection with the virulent race of P. hordei. 

The similarity of response in plants infected with either race led to the conclusion that 

most of the changes seen were a "wound response" (Ward, 1986), with the host reacting non

specifically to the damage that the growth of the fungal colonies was causing. It was possible that 

this wound response, because of its timing and/or intensity, was more effective in the resistant 

plant than in the susceptible. However it is also possible that the plant reaction was the same in 

each case, and that the virulent race was immune to that response. 

The appearance of novel proteins in the first 24 h was confmed to the compatible 

interaction. These polypeptides may have been important in establishing a compatible 

interaction. If the work of Rwendeire and Barnes (1988) applied to this race-cultivar 

combination, these polypeptides were not essential for compatibility as susceptibility occurred in 

the absence of host protein synthesis. However if these polypeptides had an important role in 

neutralising the effect of a host defence mechanism that also required gene expression they would 

be unnecessary in the presence of transcription inhibitors, as these would also prevent the host 

response. An alternative possibility was that these polypeptides were of fungal origin. This was 

unlikely as the fungus made up such a small part of the sample at that early stage. Also, if fungal 

proteins were being labelled on the first day after inoculation, they should have been more 

obvious in the tluorographs from 5 days after inoculation with the virulent race. 

An interesting aspect of the effects of infection on protein synthesis was the dramatic 

decline in the synthesis of the subunits of rubisco, the major protein involved in photosynthesis, 

evident by the third day after inoculation. This has been reported in other compatible interactions 

(Greenland and Shaw, 1986; Sutton and Shaw, 1986) but in this work it also occurred following 

infection with the avirulent race. This may have been a result of the physiological leaf blotch, 

which was reported (Sutherland and Lennard, 1988) as a response of Triumph and related 

cultivars to some forms of stress, including infection with biotrophic pathogens. 
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7.2 THEORETICAL SIGNIFICANCE. 

As explained in Chapter 2, the gene-for-gene theory (Flor, 1956) proposes that 

cultivar-specific resistance of cereals to their biotrophic fungal pathogens involves specific 

interactions b,etween the products of dominant genes in the fungi and their hosts. In attempting to 

fit this to the biochemistry of the interaction, Keen (1975) proposed the elicitor hypothesis. He 

suggested that resistance involved a recognition event involving pre-existing host receptors and 

fungal elicitors. This triggered a host response which required host protein synthesis. 

Susceptibility resulted from the host not recognising the pathogen and therefore not triggering the 

response. Support for this hypothesis came from work where inhibition of protein synthesis 

following inoculation made previously resistant cultivars susceptible (Tani and Yamamoto, 1978; 

Rwendeire and Barnes, 1988). 

Studies of elicitors and of protein synthesis following inoculation have shown that 

the situation is unlikely to be as simple as proposed byKeen (1975). A wide range of biological 

compounds, along with a number of abiotic factors, can act as elicitors but it has proved difficult 

to obtain either elicitors or receptors which exhibit the cultivar specificity seen in vivo (De Wit, 

1987). In some host-pathogen interactions, such as oats-crown rust (Yamamoto and Tani, 1982) 

and barley-powdery mildew (Manners et al., 1985), the pattern of protein synthesis after infection 

has been consistent with the elicitor hypothesis. In these, the incompatible interaction has been 

characterised by increased synthesis of specific polypeptides which are either not synthesised or 

only to a much lesser extent in the compatible interaction. However peas infected with F. solani 

(Hadwiger and Wagoner, 1983), and wheat infected with stem rust (Greenland and Shaw, 1986), 

did not shown the predicted pattern. Instead of increased synthesis of specific proteins only in the 

incompatible interactions, these hosts have shown increased synthesis in both interactions but the 

increase was transient in the compatible interactions. Thus, in these interactions it was not the 

initial recognition that appeared important but the ability of the host to continue responding. 

In the barley-Po hordei system studied in this thesis the pattern was different again, 

with both compatible and incompatible interactions showing similar responses throughout the 5 

days following inoculation. These results do not fit into the elicitor hypothesis. As a single host 

cultivar and 2 fungal races were used, a possible explanation is that the difference in the 

interactions was not in the ability of the virulent pathogen to avoid eliciting a resistance response 

but in its ability to survive that response. 
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7.3 LIMITATIONS OF THE RESEARCH. 

This work has provided infonnation on the effect on barley gene expression of 

infection with virulent and avirulent races of P. hordei. However there was no convincing 

evidence of changes in protein synthesis correlated solely with the incompatible interaction. As 

explained earlier, this could have been either because of the methods not detecting subtle changes 

or because the plant response was the same in each case and the virulent fungal race was immune. 

A better model to detect different host responses would have been the interaction of a single P. 

hordei race and susceptible and resistant cultivars of barley. For this approach, it would have 

been necessary to have near isogenic pairs of cultivars which differed in their resistance to the 

fungal race. Otherwise it would be impossible to distinguish differences due to the plant response 

from differences due to cultivar diversity. Unfortunately near-isogenic lines of barley which 

differed in their reaction to P. hordei were not available during the period of this work although 

they have been developed recently (see 7.4). 

If there were differences between the compatible and incompatible interactions, they 

may have been quantitative rather than qualitative. As mentioned in Chapters 4 and 6 there were 

difficulties in placing changes on fluorographs into a quantitative context. Partly these were 

caused by the experimental treatment, where equal amounts of radioactive label were applied to 

the gels. These differences can be allowed for if the relative amount of protein synthesis in each 

sample is known. Another problem is harder to overcome. The labelling is of the whole leaf 

whereas the important area is presumably the host cells containing haustoria and the cells 

immediately surrounding them. The techniques used dilute the protein synthesis in these cells 

with the constitutive synthesis of protein in cells remote from infection sites. Also it is 

impossible to detennine the concentration of polypeptides in these critical cells. 

Finally, although this work revealed proteins that were involved in the host response 

by their presence or absence on fluorographs, it provides no infonnation as to their identity or 

function. Also it would be difficult to detennine the gene from which any protein of interest 

originated. An alternative approach used recently in studies of host gene expression following 

infection, is to isolate and clone cDNAs which show differential hybridisation in compatible and 

incompatible interactions (Manners et al., 1985). This has the advantage of allowing location of 

the genes involved in resistance, with the possibility of using these in the breeding of novel 

resistant cultivars. 



146 

7.4 FUTURE WORK. 

Near-isogenic lines of the barley cultivar Zephyr which differ in their response to 

race 65 of P. hordei have been developed by the Crop Research Division of the Department of 

Scientific and Industrial Research, Lincoln. It would be of interest to survey the changes in 

protein synthesis following infection of each of these lines and compare the 2 host-1 race system 

to the single host-2 race system used in the experiments reported here. If there were differences 

in the responses of compatible and incompatible hosts then it may be useful to construct and 

screen a cDNA library from infected plants. 

However before embarking on this project it would make sense to characterise the 

biology of the system; to measure, for example, the extent of fungal growth and the nature of the 

resistance response using staining techniques. Also it would be useful to assay some of the 

enzymes, such as phenylalanine ammonia lyase and peroxidase, which are known to show 

increased activity in other host-pathogen interactions (Robbins et al., 1985; Moerschbacher et al., 

1988). These experiments would provide a background which would aid interpretation of 

changes in the pattern of gene expression. 

Amongst the questions that are worth pursuing would be whether there was still 

increased synthesis of proteins specific to the compatible interactions after infection and whether 

any of the proteins which showed altered synthesis following infection with P. hordei reacted in a 

similar manner to the changes reported for barley infected with powdery mildew (Manners et al., 

1985). The second question would test the hypothesis that plants have a standard defence 

mechanism that can be activated by a variety of specific receptors. 
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