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Parts o f the work in this thesis appear in the following paper;

M IT C H E L L , A.F. and W A L T E R S, D.R. (1995) Systemic protection in barley 

against powdery mildew infection using Methyljasmonate. Aspects o f  Applied Biology 

Conference. Physiological Responses o f  Plants to Pathogens 1995, 323-326.



SUMMARY

The effects of 7 chemicals, each at 4 concentrations, were examined to determine their 

ability to elicit resistance in Hordeum vulgare to Erysiphe graminis. The 3 chemicals 

and concentrations selected for further investigation were 15mM Sodium Salicylate, 

25mM Potassium Phosphate and 20mM Methyljasmonate. Each o f these compounds 

gave significant levels o f disease control, A lag period o f 48 hours between treatment of 

the lower leaf with the eiicitor and challenge-inoculation o f the second leaf was found to 

give greatest control o f  powdery mildew. A constant temperature o f TE'C and a 16 hour 

photoperiod were found to be the regimes which gave greatest control o f mildew. Each 

o f the 3 chemicals was found to possess antifungal properties in vitro to the pathogens 

Pyrenophora avenae and Crinipellis perniciosa. In vivo only 20mM MJ exhibited 

antifungal properties against E. graminis. Significant levels o f resistance were observed 

up to 42 days post challenge-inoculation. Significant reductions m infection were still 

observed when challenge-inoculation o f the second leaf was delayed by as much as 28 

days. Two alternative methods o f eliciting systemic resistance, seed treatment and root 

drench, were evaluated. They did not provide the level o f disease control observed by 

eiicitor treatment o f the aerial portion of the plant.

M ethyljasmonate vapour was evaluated as a potential eiicitor of resistance. The vapour 

from undiluted MJ and the vapour from 20mM MJ were examined. Both were found to 

give significant reductions in the level o f mildew development observed in the second 

leaf when the lower leaf was vapour treated and tire second leaf was challenge- 

inoculated with mildew conidia. The optimal lag period between exposure o f  the first 

leaf to MJ vapour and challenge-inoculation was found to be 24 hours. The vapour from 

both undiluted M J and 20mM M J displayed antifungal properties in vitro and in vivo 

against powdery mildew. The MJ precursors Linoleic acid and Linolenic acid were
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screened at four concentrations for their ability to elicit resistance. Linoleic acid 

displayed no activity at any o f  the concentrations screened, but all concentrations of 

Linolenic acid were effective elicitors o f resistance, with 5mM  being the most 

significant. Again, in vitro, both compounds exhibited antifungal properties.

The activity o f three defence related enzymes, phenylalanine am m onia lyase, peroxidase 

and lipoxygenase were m onitored in the lower 3 leaves o f eiicitor treated plants and also 

in eiicitor treated plants which had been subsequently challenge-inoculated. This was 

carried out for the 3 eiicitor chemicals selected from the initial screening., 15mM NaSA, 

25mM PP and 20mM  MJ. In general terms both sets o f plants exhibited elevated levels 

o f  enzyme activity, in all 3 leaves.

Field scale trials o f the elicitors 15mM NaSA and 25mM PP showed significant 

reductions in powdery mildew development and significant increases in plant height, 

plant dry w eight and grain weight. A second field scale trial with ISmM  NaSA and 

20mM M J showed superior control with both chemicals relative to commercial 

standards. 15mM NaSA  gave significant increases in plant height, plant dry weight and 

grain weight. 20mM  MJ exhibited a significant decrease in plant height, but significant 

increases in plant dry weight and grain yield.
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1. INTRODUCTION



1 IN T R O D U C T IO N

Since the beginning o f organised food production, man’s food supply has always been 

threatened by drought, pests and diseases. Theophrastus, the Greek philosopher has been 

credited with certain observational comments regarding cereal diseases, some three 

centuries before Christ. Although he wrote in ignorance o f the causal organism he 

recognised host variation in susceptibility and the dramatic effect o f the enviromnent. In 

Roman times diseases o f cereals and the damage caused was attributed to the wrath of the 

Gods. In these circumstances nothing was done to contain the spread o f the disease, since 

the preachers o f  the time advised that this would only provoke tlie wrath of the Gods 

further.

The desire for elevated levels of food production to feed the ever-increasing populations, 

the development o f  crop improvement schemes, the extensive use of mechanisation in crop 

husbandry and above all, the increased understanding o f the causal organism, have all 

been important contributors to the increased awareness o f the importance o f plant 

pathology. Enormous losses are suffered globally as a result o f plant disease. It is 

estimated that globally, on an annual basis, tliere is a  yield loss o f around 35%, as the 

result of weed, diseases and insect pests. The devastating economic impact of plant 

pathogens is best left to the professional economist. The financial implications of reduced 

crop quality and consequently yield has left crop producers with little alternative but to 

seek some means o f reducing crop losses to an acceptable level.

W ith the twentieth century came a new era o f crop protection as greater numbers of 

chemicals were developed and marketed for the control of plant disease. The 1960’s were 

o f significant importance, with the development of Irighly specific fungicides. This altered 

the emphasis o f cereal production. However, increased pesticide usage has led to the



development of resistant strains o f pathogens able to breach chemical control, resulting in 

a  breakdown o f the existing control measures. Many modem agricultural practices, 

designed to maximise short term profitability, have only served to exaeerbate the problem. 

Such practices include the extensive use of irrigation and fertilisers, as well as the use of 

genetically uniform crop varieties over a large geograplrical area. In addition, many of 

these new high yielding cultivars are proving to be susceptible to diseases which were 

previously o f little importance.

Agrochemical companies are faced therefore with a continual struggle to keep one step 

ahead of resistant pathogen development. This is an extremely expensive operation, an 

expense which must be borne by someone, and this will ultimately be the grower. In the 

current climate o f increased consumer awareness regarding pesticide residues on food, 

alternative control measures which do not rely on the heavy use of chemicals are being 

explored. This type o f resistance is being achieved largely tlnough the incorporation of 

resistance genes into plants by breeding programmes. However, this again has led to 

resistance which is highly ephemeral in nature, with new vimlent strains appearing, which 

have the ability to overcome the introduced resistance genes in a short period o f time.

In recent years the term ‘disease management’ has been favoured in place o f the more 

emphatic description of ‘disease control’, although the primary objective of all disease 

management systems is to effect complete control. This, in reality, is rarely achieved, and 

tire success or failure of a particular scheme will be judged on whether or not it is capable 

o f producing significant economic returns. Most disease management strategies are 

aimed, principally, at prevention of infection, or if this is unsuccessfi.il, at controlling the 

spread of the pathogen, and to maintain disease levels below an economic threshold.



The phenomenon o f systemic acquired resistance has been obseiwed in numerous 

host/pathogen interactions. Infection of the lower leaf by a pathogen renders the upper 

plant more resistant to attack from a wide range of pathogens. The plant’s defence 

mechanisms are primed m readiness for future pathogen attack. In its primed state, 

pathogen recognition is munediate and defences can be activated in a  shorter period of 

time than in non-mdiiced plants. Certain chemicals have been identified winch are 

capable o f eliciting the same plant responses as pathogen infection. This phenomenon 

may be of significant importance in the fliture, in developing teclmiques to aid the 

management of plant disease.

1.1 Barley

Hordeum vulgare, barley, is the world’s fourth most important cereal, after wheat, rice 

and maize. Growtli o f barley is possible over a wider environmental range than any other 

cereal. Its distribution extends into the Arctic, reaches the upper limits of cultivation in 

the mountainous regions of the Himalayas and far below sea level in Palestine. It is more 

salt tolerant than any other cereal, thus enabling it to be grown in oases, such as the 

Saharan and Asiatic oases.

1.1.1 Early History

Barley was one of the first crops to be domesticated in the Near East (Harlan and Zohary, 

1966; Harlan, 1968). Archaeological evidence in the shape o f what appears to be wild 

forms with fragile ears, have been found in considerable quantities at Mureybat on the 

Euphrates in Syria, and are thought to date from around 8,000 BC.



Cultivated barley has been found at sites in Ali Kosh (Iran), Ramad (Palestme), and at 

Çatal Hüyük and Hacilar (both in Turkey) dating from the period 6,000 BC to 7,000 BC 

(Renfrew, 1969). All o f the earliest barley finds belong to the two-rowed covered sorts, 

that is non-naked, but both six-rowed and naked types had appeared by 6,000 BC 

(Helbaek, 1966; Renfrew, 1969). Barley remains have generally been found witli other 

primary crops o f  the region and period, such as emmer wheat, einkorn wheat, flax, pea, 

vetch and lentil.

Barley was the most prolific grain o f the ancient Near East and the cheapest. 

Consequently, it was tire food of the poor, the ration of tire soldier, serf aird slave. 

Ancient gladiators were known as ‘hordearii’ or ‘barley men’, since their staple diet when 

training was barley. Further archaeological evidence indicates that barley reached Spain 

in the fifth millennium BC and tire lower Ririire a little later. By the second millennium 

BC barley had reached Clrina.

1.1.2 Recent History

During the mediaeval period barley was introduced into Noitlrem Europe. By whom or 

when exactly it was introduced have been lost in the mists of time, but it would appear 

likely tirat it was brought back from some Middle-Eastern site discovered by tire 

crusaders.

Columbus was responsible for the introduction o f barley to the New world during his 

second voyage. It was not successful as a crop in Hispaniola, but hr the early Sixteenth 

Centiiiy it was introduced into the Highlaird region of Mexico, where it is still grown as a 

minor crop often being used as a ‘spacer’ between rows o f maize (Weaver, 1950).



In the early Seventeentli Century a series of introductions are recorded for the release of 

barley into New England and Virginia. It was a success, and as the settlers moved 

Westwards so too did barley. Until the middle or late Nineteenth Century, all barleys 

existed as highly heterogeneous ‘land races’. Many barleys still exist in this form, but 

with the advances in agriculture in the last 100-150 years these ‘land races’ have almost 

wholly been displaced by pure-line cultivars. This has resulted in the marked narrowing 

of the genetic base in many advanced agricultures, though this will have been partially 

concealed by the diversity o f cultivar names (Harlan, 1976).

1.1.3 Taxonomy/Classification

Kingdom- Plantae

Division- Anthophyta

Class- Monocolyledonae

Family- Poaceae (Graminae)

Sub-Family- Hordeae

Genus- Hordeum

Species- Vulgare

1.1.4 Cyîotaxanomic Background

Hordeum vulgare is a self-pollinating diploid with 2n~2x=14 (Nilan, 1971; Takahashi, 

1955). Tetraploids have appeared spontaneously, but these are a negligible component o f 

the crop. Hybrids between wild and cultivated forms occur freely in nature, in situations 

where the two are found growing together. The resulting hybrids are fully fertile, the 

chromosomes pair well and segregation is nonnal.



Barley has been crossed with a number of other Hordeum species, but tire resulting 

hybrids are highly sterile or anomalous, leading to tire conclusion that no otirer species 

was involved in barley evolution (Haralan, 1976).

1.1.5 Production Statistics

Barley is tire United Kingdom’s second most economically important cereal after wheat. 

Wlreat overtook barley production in 1983, before which barley was the United 

Kingdom’s most important cereal. The statistics shown overleaf on tables 1 and 2 

illustrate the relative importance of the barley produced in the United Kingdom on a 

global scale, and that the yield per hectare is almost consistently double the world 

average.

1.1.6 M ajor Uses O f Barley

There are four principal uses for cultivated barley;

A- Animal feed 

B“ Malting

C- Human consumption

D- Seed

The largest single use o f barley is as animal feed, primarily supplying carbohydrates and 

protein to their diet. A high protein content is desirable for barley which is to be used as 

animal feed. Like other cereal proteins, barley protein is nutritionally unbalanced, due to 

a deficiency of the essential amino-acid, lysine.



Table 1- World Barley Production

Year Area Haiwested 

(1000 Ha)

Yield

(Kg/Ha)

Production 

(1000 MT)

1996 66551 2333 155261

1995 69404 2054 142535

1994 72705 2221 161501

1993 74549 2285 170364

1992 72335 2276 164670

1991 75593 2225 170364

1990 71493 2524 180437

1989 72741 2308 167897

1988 75527 2215 167319

1987 78741 2267 178518

1986 79391 2294 182109

Food and Agriculture Organisation o f the United Nations Yearbook 1997 Vol 51



Table 2- United Kingdom Barley Production

Y ear Area han^ested 

(1000 Ha)

Yield

(KgTIa)

Production

(lOOOMT)

1996 3417 1672 5714

1995 4413 2183 9633

1994 5092 2849 14509

1993 3215 1164 6013

1992 2905 1297 7365

1991 3084 1393 7627

1990 5215 1515 7900

1989 4885 1652 8070

1988 4638 1875 8710

1987 4970 1831 9100

1986 5224 1917 10014

Food and Agriculture Organisation o f tire United Nations Yearbook 1997 Vol 51

Germinating barley seed produces two enz^mies, alpha-amylase and beta-amylase, which 

hydrolyse starch to fermentable sugars. The production o f barley for malting is favoured 

by a long cool growing season with unifoim nutrient supply. Barley for human 

consumption is generally in the fonn o f  pearled barley, flour or barley malt for 

confectionery or breakfast cereals.

The minor uses o f  barley by products are too numerous to mention, but they include; the 

production o f paper, laminates, cardboard and millboard. Fufuryl alcohol, the reaction



an important industrial chemical used in the production of resins, adhesives, protective 

lacquers and paint strippers. It is also widely used in the chemical, cosmetic, oil-refining, 

car, textile and synthetic rubber industries.

1.1.7 Climate and Soil Requirements

The broad ecological adaptation of barley sets it apart from other cereals. Best growth is 

achieved in temperate climates where the seasons are long and eool and rainfall moderate. 

Barley will withstand high temperatures in a cool climate or iiigh humidity in a cool 

climate, but does not perfonn well in hot, humid conditions (Klages, 1942). Barley is 

grown over a wide range of photoperiods. In regions such as California or North Africa 

spring barley is grown during the short winter days, but in Europe and Northern Canada 

it is grown during the long summer days (Guitard, 1960). W ater requirements for barley 

production, per unit weight o f grain, is lower than for other cereals. (Carleton, 1916), and 

its rate o f transpiration is amongst the lowest for the small grain cereals (Nuttson, 1957).

The early ripening of the grain means that it reaches maturity before tlie soil moisture 

becomes exhausted. Consequently, its production is extended to droughty soils and areas 

o f low rainfall. Best growth is achieved on a  well-drained fertile deep loam or light clay 

(Morgan et ah, 1938). Nutritionally, barley responds well to a balanced application of 

nitrogen and phosphate fertiliser. It is more salt tolerant tlian other cereals, but less 

tolerant o f acid soils, A pH range of 6.0-8.5 is acceptable for plant growth (Bower and 

Fireman, 1957).



1.1.8 Diseases Of Barley

Barley is subject to attack by a wide range of pathogens. The resultant damage is 

reflected in a  reduction in grain yield and quality. The extent of the damage depends 

principally on the nature o f the pathogen and the severity of tlie attack, but on a world 

scale it is estimated that there is a 12% loss amiually due to attack by patliogeiis. Modem 

agricultural systems only serve to emphasise tlie problem. The extensive use of 

monocropping, coupled with the desire for a  uniform crop are just two o f the factors 

which accentuate disease problems.

1.1.8.1 Viral Disease

The most significant viral disease of barley is barley yellow mosaic vims (B.Y.M.V.). It 

is widespread and is capable of causing dramatic yield reductions, in the region of 15- 

20% (Doodson and Saunders, 1970; Moore and Moore, 1961). The vims is aphid borne, 

with different aphids transmitting different isolates o f the vims (Slykuis, 1967).

1.1.8.2 Bacterial Disease

The number o f significant bacterial diseases which affect barley is small. The most 

conspicuous are bacterial blight, bacterial leaf blight and black leaf chaff (Dickson, 1956; 

Moore and Moore, 1961). Bacterial diseases are favoured by wami wet conditions and 

are spread by rain, insects, crop debris and possibly the soil.
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1.1.8 .3 F im gal D iseases

Fungal diseases are widespread in barley. The most common, and therefore potentially 

the most damaging is, Erysiphe graminis, which is responsible for the disease powdeiy 

mildew. This pathogen will be discussed in more detail in section 1.2. Due to tlie 

restrictions o f space it is impossible to catalogue all fimgal pathogens o f barley. A 

representative selection o f the most damaging are listed below in Table 3.

Table 3- Some Fungal Diseases o f  Barley

Pathogen Resultant Disease

Puccinia hordei Brown rust

Ustilago hordei Covered smut

Pseudocercosporella herpoirichoides Eyespot

Rhyncosporium secalis Leaf scald

Helminthosporium gramineiim Leaf spot

Pyrenophora teres Net blotch

Foliar pathogens are particularly damaging if  they become established in the flag leaf and 

awns. The photosynthetic products of the awns and flag leaf contribute approximately 

50-80% of the grain weight. Consequently, if the photosynthetic capacity of these two 

major contributors is reduced, or if the products of their photosynthetic activity are 

utilised by the pathogen, which acts as a rival sink to the phloem, then a reduction in grain 

yield will follow (Carver and Carr, 1987).
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1.1.9 Breeding

The improvement of barley depends on the selection of superior strains from amongst a 

range of types. Many o f the improvements of the last 200 years were obtained by 

selection of the outstanding lines from heterogeneous, indigenous ‘land-races’.

Modem advances have arisen by the crossing of varieties from all parts of the world, and 

consequently, ‘land-races’ have virtually disappeared from ‘developed’ countries and the 

range in existence is decreasing rapidly. Thus, the ‘genetic base’ o f cultivated varieties is 

being reduced, along with the potential for further improvement tlnough hybridisation. 

‘Genetic erosion’ has been slowed marginally by the establishment of world collections of 

varieties backed by seed stores or ‘gene-banks’.

1.2 Barley Powdery Mildew

1.2.1 Erysiphe graminis

ICingdom-

Division II-

Subdivision-

Class-

Order-

Genus-

Species-

Mycotae

Eiimycota

Ascomycotina

Plectomycetes

Erysiphales

Erysiphe

Graminis

12



Powdeiy mildew is one o f the most conspicuous and widespread of all plant diseases. 

Mildews are obligate parasites. Hyphal growth is superficial and tlieir feeding structures, 

haustoria, are normally restricted to the epidermal cells. Individual colonies are elliptical 

in shape, but if infection is heavy individual colonies may coalesce and form a  dense 

mycelial mat. Conidial chains develop from individual basal cells (Plumb and Turner, 

1972). These conidial chains, known as conidiophores, contain around eight immature, 

but readily dispersible spores which are firmly attached to each other. Mature spores at 

the tip o f the chain are easily detached in the wind (Hammett and Maimers, 1973).

1.2.2 Infection Process

Primary infection of powdery mildew is a multi-component process distinguishable on the 

basis of morphology or sensitivity to enviroiunental factors. There are seven distinct 

stages o f primary infection: germination, fomiation of appressorial initials, maturation of 

appressoria, penetration, development o f haustorial body, appearance o f secondary hyphal 

initials and formation of fiinctional secondary hyphae.

Within one hour of deposition the conidium germinates producing a short aseptate 

primaiy genn tube (PGT). The PGT attaches itself firmly to the host epidermal cell 

surface, producing a  small penetration peg 1-4 hours post-inoculation (Carver et al., 

1995), but never forming a haustorium. The process o f PGT attadunent results in a 

sequence o f host epidermal cell responses, one o f which is autofluorescence beneath the 

PGT, which is followed within minutes by local aggregation o f the cell cytoplasm. 

Following this a  circular area o f the epidermal cell wall surrounding the contact site of the 

PGT exJiibits altered staining and is known as the ‘halo’ effect. A small refractive 

papilla appears, during the next 1 -2 hours, in the epideimal cell directly beneath the PGT
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tip. The halo and papilla areas o f host epidermal cells generally contain bound 

autofluorogens thought to be phenolic compounds.

Soon after the emergence o f the PGT from the conidium the appressorial genn tube 

(AGT) appears. By approxhnately 9 hours it has reached its mature length of c. 40jUm 

and differentiates an apical lobe,the appresorium. From beneath tlie lobe a penetration 

peg, with no apparent cell wall at its tip, emerges and attempts primary infection (Carver 

et ah, 1995). A t present the relative importance of mechanical and enzymatic forces m 

appresorial penetration is unknown, although it is probable that some digestion of the host 

epidemial cell wall occurs (McKeeii et al., 1969; Stanbridge et ah, 1971; Carver et ah, 

1995). In response to this attempted penetration by the appressorial genn tube o f the 

epidennal cell, there is a sequential appearance of autofluorescence, cytoplasmic 

aggregation, halo formation and papilla deposition. This sequence of events is shnilar to 

those associated with PGT’s but the response is much more pronounced when viewed by 

microscopy (Carver et ah, 1995). During compatible interactions a proportion o f the 

appressorial penetration pegs pass through epidennal cell response sites to form primaiy 

haustoria, first visible by 16 hours, hi such cases the penetrated papillae remain as 

collars surrounding the haustorial neck, though the merits or demerits o f the collar to the 

pathogen in its biotrophic relationship is unknown.

Once full sized haustorial bodies are produced, secondary hyphae develop, these are 

capable o f eventually producing secondaiy^ infections. When a haustorium is not 

produced under the primary appressorium, secondary hyphae may begin to fonn on the 

appresorium but will not continue to elongate and initiate the fonnation o f secondary 

appressoria and secondary infections (Masri and Ellingboe, 1966). The formation of 

elongating secondaiy hyphae is dependant on the existence o f functional haustoria.
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Penetration begins twenty four hours post infection and optimal conditions are 20"C and 

100% relative humidity. After penetration, a haustorium, which is surrounded by a 

sheath, is fonned in the epidennal cell of the host (Braker, 1964). The fonnation of a 

frmctional haustorium is cmcial for the development of a compatible host-parasite 

interaction,

1.2.3 Production and Dispersal o f  Conidia

Production of conidia is a  continuous process (Hammett and Maimers, 1973), but is 

maximal at 20“C and 100% relative humidity. Light intensity and photoperiod would 

appear to have no effect on the growth of powdery mildew, except when very little light is 

supplied (Ward and Manners, 1974). Wind speeds of lm s-‘ were found to create 

sufficient drag to release some conidia from infected leaves in a wmd tunnel, but main 

spore dispersal required liigher wind speeds (Hammett and Maimers, 1973, 1974). Wind 

speed within cereal crop canopies are usually much less than Im s-h  but Bainbridge and 

Legg (1976), concluded that even light winds generate sufficient force to dislodge conidia 

due to acceleration as leaves move in the wind.

1.2.4 Ascospore Production

Globose cleistothecia are formed in the ageing mycelial mat after conidial production has 

ended. The globose cleistothecia are black with simple appendages. They are inteiwoven 

with the mycelial mat and are approximately 200pm in diameter. The cleistothecia house 

asci, each o f which contain eight ascospores. Ascospores are forcibly discharged and 

wind dispersed. Ascospore discharge is favoured by temperatures in the region o f 20"C, 

provided the cleistothecia are kept moist (Moseman and Powers, 1957).
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1.2,5 Effect o f  Environmental Conditions on Erysiphe graminis

The temperature range over which E. graminis can grow is wide (Cherwick, 1944), 

though optimal growth occurs in the region of 15-20®C, which is comparatively low. 

Infection o f barley by E. graminis can take place at temperatures as low as 5"’C (Ward 

and Manners, 1974) and spores are capable o f genninating at freezing point (Cherwick, 

1944). The upper temperature limit for infection is approximately 30'^C (Alcai, 1952). 

and germination may be iiiliibited at temperatures as high as this (Leinon and Kurkela, 

1969), or greatly reduced (Manners and Hossain, 1963). However, if  germination is 

successflil and appressoria form, haustoria may still fail to develop.

Conidia o f Erysiphe graminis are tolerant o f extremely dry conditions (Boughey, 1949), 

and though the optimal relative humidity for germination of conidia is 100% (Maimers 

and Hossain, 1963), free water can mlubit germhmtion. Light of wavelengths between 

550nm and 750nm was found by Sempio and Castori (1952) to reduce gennination, but 

shorter wavelengths, between 459nm and 549nm, stimulated germination. Ultra-violet 

(UV) radiation is likely to damage conidia during the primary stages o f infection, that is, 

germination and formation o f the first haustorium (Mount and Ellingboe, 1968). 

Therefore, less UV radiation is needed to inhibit spore gennination than kill established 

infections, or kill spores (Moseman and Greeley, 1966).

1.2.6 Host Cell Response to Infection by E. graminis

Evidence suggests that the development of halo and papillae responses o f the epidennal 

cell are involved in general resistance to penetration. The halo response may indicate a 

general strengthening, enabling epidermal cells to slow or stop penetration. The
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deposition o f papillae is the result of vesicle-mediated deposition activity of the epidennal 

cell cytoplasmic response, and directly underlies the attempted penetration site. Papillae 

is a callose matrix infused with autofliiorescent substances, proteins, hydrolytic enzymes 

and various chemical elements (Zeyen et al., 1995).

In Graminae, all loiown ‘resistance’ phenomena at cellular level have a penetration 

resistance element and some are ahnost exclusively of this type. Wlien penetration 

resistance is not the exclusive component, host cell death constitutes a  second and final 

defence response in resistance to mfection.

1.2.7 General Physiological and Biological Responses ofE. graminis

Research has shown increased activity o f enzymes key to plant phenolic metabolism 

(phenylalanine ammonia lyase (PAL), tyrosine ammonia lyase and peroxidase) at the time 

o f  host response to PGT contact (Aist and Buslmell, 1991). Later studies of PAL show 

biphasic activity with peaks occuring at 6 hours and 15 hours post inoculation. These 

peaks coincide with the host response to PGTs and appressoria, and an intervening period 

of relative quiescence. Studies have shown a biphasic accumulation o f mRNA transcripts 

of a variety o f barley response genes, including ^-1,3-glucanase. For all host response 

genes studied so far, patterns of response gene transcript accumulation were similar in all 

cultivars up to 20 hours post-inoculation (i.e. after haustoria fomied), irrespective of their 

major mendelian gene controlled compatibility with the fimgal isolate used (Boyd et al., 

1994; Clark et al., 1993, 1994, 1995).
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1- Liberated ascospore

2- Gennination

3- Penetration peg formation

4- Haustorium

5- Conidiopliore

6- Conidia

7- Ascocarp development

8- Cleistothicium

9- Ascus

1.2.7.1 Life Cycle o f  Erysiphe graminis fs p .  hordei
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Powdery mildew overwinters in volunteer crops. In addition to tins inoculum source 

cleistothecia are released from sexually produced ascospores, during tlie humid weather in 

sprmg and autumn. As the temperature rises in tlie spring dormant mycelium begins to 

grow and produce conidia.

1.2.8 Control o f  Powdery Mildew

Effective and efficient control of the pathogen Erysiphe graminis f.sp. hordei is 

dependent on accurate information regarding life cycle and disease epidemiology. At the 

present moment in time control lies mainly with the use of systemic fungicides and 

breeding programmes to develop resistant cultivars. There are, however, a number of 

factors which can be used individually or combined to relieve the disease pressure on 

plants. These mclude;

A- Cultural contiol 

B- Biological control 

C- Cultivar diversification 

D- Integrated management 

E- Direct control measures 

F- Disease forecasting

1.2.8.1 A- Cultural control

Any practice which limits or reduces the sources of inoculum is desirable, although the 

success of any such scheme is dependent on the strength o f the source and also the area 

over which the measure is enforced. For pathogens such as E. graminis, which would
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have a rapid infection rate, the reduction in the source o f primaiy inoculum would have to 

be very large to significantly affect the development of an epidemic (Van der Planlc, 

1963). Crop debris acts as a host for the cleistothecial stage o f E. graminis, therefore 

destruction o f crop remains will only be o f value in preventuig spread to autumn sown 

crops if  carried out prior to ascospore discharge.

Crops which are grown in close proximity to a source o f inoculum e.g. spring barley close 

to winter barley, are likely to develop severe infections at tlie seedling stage, which 

ultimately will be important in determining yield (Yarliam et al., 1971). For significant 

reductions in disease it is necessary to remove major sources from a  wide area (Lester, 

1971), so that levels of primary inoculum are veiy small. In the Faeroe Islands, for 

example, powdery mildew on barley plants only becomes noticeable on adult plants, since 

overwintering sources are all but absent and the primary source o f inoculum is from some 

distant source elsewhere in Europe (Hermanseii and Wiberg, 1972). Other obvious 

factors such as sowing date, manuring and crop rotation should be considered when using 

cultural control as a method of reducing disease severity within a crop.

1.2.8.2 Biological Control

Many members of the Erysiphaceae are parasitised by Ampelomyces species (Rogers, 

1957), although to date there are no reports to indicate that it is capable of parasitising E. 

graminis. In 1957, Yarwood concluded that the control of powdeiy mildews using this 

hyperparasite was unlikely to be fiiliy successful, since the host and parasite were 

favoured by different sets o f climatic conditions.
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Grebenchuck (1965) reported decreases in the levels of powdery mildew infection when 

barley plants were sprayed witli dung infusions containing mycolytic bacteria, or with 

pure cultures o f Trichodenna viride. Culture filtrates of Trichoderma roseum (Darpoiix 

and Faivre-Anhot, 1952) are also effective against cereal powdery mildews, as indeed are 

many other antibiotics (Davis et ah, 1960; Rliodes et ah, 1961), but to date none o f the 

above have been developed for use conunerdally. More recently, Tilletiopsis pcdlescens 

was shown to reduce mycelial expansion and spore production by E. graminis on barley 

leaves (Klecan et al., 1990).

1-2.8 3 Cultivar Diversification

The most economic method for the control o f powdery mildew would appear initially to 

lie with the use o f cultivars witli a high level of disease resistance. Such cultivars hai^e 

been developed and are commercially available, although their success is usually short 

lived. In such cultivars resistance is generally specific, based on one or two major 

resistance genes. Consequently, within a few years their resistance has been overcome by 

a new race o f the pathogen. The concept o f diversification has been developed in an 

attempt to utilise these specific sources of resistance more fully. The underlying principle 

is to reduce the rate of pathogen development by choosing cultivars with different 

resistance factors to be grown in adjacent fields, hi experimental trials (Gair et al., 

1987), this concept has been shown to reduce disease levels by 50-80%, which is reflected 

in a 6-10% yield increase. An extension o f this basic idea is to grow three or more 

cultivars. each o f which contains a different source of resistance.
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1.2.8.4 Integrated Disease Management

B- Fungicides 

C- Cultural procedures

This scheme has the great advantage that it reduces the exposure time o f each control 

measure to tlie pathogen population and consequently, it minimises the selection for 

virulence or fiingicide insensitivity.

1.2.8.5 Direct Control Measures

Tills takes the form of the application o f compounds to restrict the spread or effect o f the 

pathogen, by either killing the pathogen directly or stimulating the host to produce 

compounds which do so.

I

The hope that breeding progranunes selecting the most resistant strains of barley would 

lead to a stable solution to the problem of powdery mildew control, is now looking 

extremely unlikely. Fear is growing, that like the new generation o f pathogen specific 

fongicides, the new resistant varieties will be rendered ineffective by strains o f vimlent 

pathogen able to overcome host resistance. It would seem that the most likely solution to "f

the problem of stability o f control measures for the control of powdery mildew lies in a 

balanced application of a range of measures. The tliree basic components for such a 

system are; I : '

b
A- Host resistance :l

1
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Chemical control o f plant pathogens was restricted to the application of simple non- 

systemic compounds such as copper, sulphur and mercury until around the 1940’s. These 

chemicals are still used today, though they have largely been replaced by the more 

complex non-systemic or systemic fungicides.

Chemical control o f plant disease can be a very expensive option. Not only are chemicals 

often very expensive to buy, due to high development costs, but they require additional 

equipment for application. In addition many chemicals can have hidden enviromnental 

costs. They can be highly toxic to mammals, including man, and may disturb the 

ecological balance of non-target organisms in the treated environment.

At present the three most frequently used fungicides for the control of powdery mildew 

are propiconazoie, fenpropimoiph and tebuconazole. Both propiconazole and 

tebuconazole are systemic conizole fungicides, with protective and curative action, while 

fenpropimoiqDh belongs to the family of morpholine ftmgicides whose action is both 

contact and systemic.

Economically spealdng tlie stage has been reached where it is no longer viable to produce 

highly specific pesticides, and in the future only chemicals with a broad biological 

spectmin of activity will be manufactured.

The largest potential disadvantage o f chemical control is the possibility that pathogens 

can adapt and become resistant or tolerant to certain chemicals, as was the case with 

Erysiphe graminis to etliirimol.
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Despite the possible disadvantages associated with the use of chemicals for the control of 

powdery mildew on barley, chemical control has, to date, been the most successful means 

of control. Disease would be far more damaging if pesticides were not used. Pesticides 

should be used to supplement existing control measures or in the situation where no 

suitable alternative exists.

1.2.8.6 Disease Forecasting

Fungicide use against foliar diseases o f cereals is a relatively recent event, since 

approximately 1970. In order to optimise the new generation o f systemic fungicides for 

the control of powdery mildew, it has been necessary to formulate a protocol for 

determining the necessity for, and the timing of, fongicide application for maximal 

protection. Disease forecasting is based partly on the effects of temperature and humidity 

on conidial growth and gemi tube growth, and partly on the rainfall and wind speed. 

Meteorological data have been described which is thought are related to periods where 

there is likely to be an increase in the number o f conidia above barley crops. These data 

are described below:

1- Day maximum temperature >15^C 

2“ Day sunshine>5 hours

3- Day rainfalK 1 mm

4- Day run o f wind > 15 knots 

(Policy and King, 1973)

From these data it is then possible to compute and predict high risk days i.e. days when all 

four criteria have been satisfied; this denotes the start o f a high risk period. This liigh risk
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period ends on a day when none or only one o f the criteria have been satisfied, or the third 

consecutive day when only three factors have been satisfied.

1,3 A cquired Resistance

Following Edward Jemier’s first demonstration of human immunisation, whereby 

protection against the smallpox vims could be stimulated by a vaccination o f the closely 

related, but less virulent cowpox virus, the possibility that a parallel system may operate 

in plants has fascinated plant pathologists. It is not unreasonable to suggest the existence 

o f such a parallel since plants and animals have evolved simultaneously facing similar 

disease problems,

1.3,1 Historical Development o f  Systemic Acquired Resistance

The first recorded obseiwation o f plant immunisation, by methods similar to those used in 

humans, was in 1911 in the United States o f America by Smith et al. They inoculated 

Paris daisies with Agrobacterium tumefaciens, a  tumour producing pathogen. 

Subsequent inoculations did not lead to infection. These observations could not be 

validated. In 1923 Brown successfiilly inoculated plants using attenuated spores of the 

same pathogen. Tliese plants failed to develop tumours when inoculated one day later 

with virulent spores of N. tumefaciens. Similar observations followed, although it became 

apparent that these responses were non-specific and vastly different from the antigen- 

anti body responses o f animals, and so interest declined.

K.S. Chester in 1933 reviewed over 200 publications describing a phenomenon which he 

called physiological acquired immunity. This, in retrospect, was actually three different
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processes: viral cross-protection, antagonism (or biocontrol) and what is now known as 

systemic acquired resistance (SAR).

Detailed studies began in earnest in the 1960s with development o f reproducible 

biological models. In 1961 the first systematic study of SAR was published by Ross 

(1961). It was he who first coined the plirases systemic resistance and localised 

resistance, the latter describing the resistance induced in inoculated leaves, hi the tliirty 

years that have followed, the phenomenon has been widely studied and its validity 

established.

1.3.2 Terminology

The tenninoiogy associated with acquired resistance is somewhat confusing. Different 

autliors apply different meanings to the same tenu, therefore it is necessary from the 

outset to specify the meanhig for each term used,

1.3.2.1 Acquired Resistance- Resistance which is dependent on factors which are only 

present following host challenge by the pathogen. It is, by definition, the converse of 

constitutive resistance, which depends solely on preformed factors. These definitions, 

though seemingly unambiguous, become confiised if it is considered that:

A- Resistance can only be induced following an interaction of prefonned components o f 

both the host and pathogen.

B- With a particular host-pathogen interaction, resistance may not immediately be 

apparent, and will have to be measured quantitatively based on a  comparison of a 

susceptible host challenged by the pathogen under identical conditions.
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It is true to say that ail plants, susceptible included, respond to challenge by a potential 

pathogen. The difference between resistant and susceptible hosts lies in the speed and 

magnitude with wliicli the host defences are activated. The point which separates a 

susceptible reaction from a  resistant one is often highly subjective.

Acquired resistance exists in two forms;

1.3.2.2 Localised Resistance- Tliis can only be detected, as the name suggests, m the area 

immediately surrounding the point of attempted penetration. It is often accompanied by 

the collapse and necrosis o f  host tissue known as the hypersensitive response (H R.). The 

H  R. may also be accompanied by a sharp increase in phytoalexin production. These are 

antibiotic compounds which have wide ranging effects on fungi and to some extent 

bacteria. A distinctive characteristic of phytoalexins is they only accumulate in the area 

immediately m contact with or adjacent to the pathogen (Kiic and Rush, 1985).

1.3.2.3 Systemic Resistance- This resistance occurs at sites distant fiom the point o f 

attempted penetration. It is detected by challenge-inoculation o f the host at a different 

time and location from the inducing inoculation. Plant tissues which have become 

resistant as the result o f an inducing inoculation are said to be protected. This term, 

however, should not be confiised with the plirase ‘cross-protection’, which refers to 

resistance which arises as the result o f interactions of closely related pathogens, 

commonly viruses. The term acquired resistance for the purposes o f this thesis is used 

synonymously with the tenu induced resistance.

SAR was defined recently by Joseph Kuc (1995) as the systemic induction o f resistance to 

disease in a plant by prior inoculation with an infectious agent, exposure to an
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enviromnental influence or treatment witli a chemical which may or may not have any 

anti-microbial activity in vitro.

1.3.3 Signal Production in Systemic Acquired Resistance

There are numerous reports (Jemis and Kuc, 1979;Riclunond, Kiic, and Elliston, 1979; 

Guedes, Riclnnond and Kùc, 1980; Kuc, 1984; Tuzan and Kuc, 1985; Dean and Kuc, 

1986; Dalisay and Kuc, 1995) which provide strong evidence to indicate that a signal for 

SAR is produced at an induction site and translocated tlirougliout the plant where it 

conditions resistance to disease.

Work carried out on curcurbits indicates that tire signal for SAR is graft transmissible 

from rootstock to scion. Protection o f the scion is effective if grafting precedes or follows 

treatment o f the rootstock with an inducing agent, and protection would not appear to be 

cultivar-, genus-, or species-specific (Jemrs and Kuc, 1979). Guedes et al. (1980) showed 

that the effects o f immunisation are stronger and more rapid above the inducer leaf than 

below, suggesting the movement o f the signal is stronger upwards than downwards, 

although induction o f resistance in the roots by treatment of the foliage has been reported 

(Gessler and Kuc, 1982).

If  the petiole o f the inducer leaf was girdled, resistance was prevented both above and 

below the ring. I f  the petiole of the leaves to be challenged were girdled, but the inducer 

leaf was left intact, resistance was prevented in tire challenged leaves with girdled petioles 

(Guedes et al., 1980). These data indicate strongly that tlie signal is phloem mobile and 

that resistance is acquired as a result of a signal transported from the inducer leaf. The
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continuous production of the signal is not required once tire leaf has been conditioned, and 

the presence o f the inducer leaf is no longer required for tire continuation of resistance.

1.3.4 Characteristics o f  Induced Resistance

1.3.4.1 Time-Dependence

The most fundamental characteristic o f acquired resistance is the dependence on a time 

interval between treatment and challenge-inoculations. Protection is not immediate in any 

system, but can only be recognised after an adequate response period. This time delay is 

known as the lag period This time delay corresponds to a delay in the production or 

release of a signal from the inducer leaf, and not its transport to the distal leaves or the 

time taken for the initiation o f resistance mechanisms, which from time course studies are 

loiowii to be very rapid (Dean and Kuc, 1986). Work by Guedes et al. (1980) has 

indicated that the signal is not volatile and does not move outside the plant (Tuziian and 

KÙC, 1985). The intensity of the host response is reflected in the total area of the plant to 

be protected. If  the challenge-inoculation is carried out at a point distant from the initial 

inducing treatment, then protection may not be observed for some time. Tills can be 

demonstrated by the work o f Cniickshank and Mandryk (1960) who stem inoculated 

tobacco plants with Pernospora tabacina. A ftdl protective response in the plant foliage 

was not evident until twenty-eight days after the initial inducer treatment.

1.3.4.2 Light Dependence

The protection o f plants involves the movement and/or synthesis o f plant metabolites, 

both o f which are energy demanding processes. Thus, it is logical that light should
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influence the ability of the plant to undertake such energy demanding processes. Lozano 

and Sequira (1970) demonstrated on tobacco uifiltrated with heat killed bacterial cells, 

that no protection was observed in leaves maintained m the dark. An increasing degree of 

protection was observed in direct relation to the length o f photoperiod.

1.3.4.3 Temperature-Depeiidence

Resistance elicited by prior treatment appears to be liighly temperature sensitive. This 

property has not been explored in any great detail. Work by Klemeiit and Goodman 

(1968) indicates that resistance developing in tobacco as a result of local lesion formation 

is maximal in plants grown at temperatures between 20”C and 24”C, but is not observed 

in plants grown at 30”C.

1.3.4.4 Systemic Involvement

It is important to note that in many host-parasite interactions the resistance is spread from 

the site o f initial inoculation. Stem lesions caused by Peronospora tabacina increased 

resistance in the upper leaves to TMV and other patliogens (Hecht and Bateman, 1964; 

Mandiyk, 1963). The effect was most pronounced on the first few leaves closest to tlie 

point of initial inoculation. Systemic resistance is by no means the mle in certain otlier 

host-parasite interactions. There are many instances o f phytoalexin induction, the result 

of prior inoculation with saprophytic or pathogenic fungi, giving evidence for localised 

effects (Cniickshank and Perrin, 1965),
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1.3.4.5 Persistence

One of the most unique characteristics of acquired resistance is the long lasting effect of 

initial treatment. A study carried out by Kiic et al. (1975) showed that resistance in 

cucumber repeatedly inoculated witli Colletotrichum. lagenahum  persisted for ten weeks 

against the same organism.

1.3.4.6 Nonspecificitv

A major distinguishing feature tliat separates acquired resistance in plants from that in 

animals, is the lack of specificity of the former as opposed to the latter. The lack of 

specificity of the protective responses in plants is reflected not only in terms of the agents 

that induced the response, but also in the wide range of potential pathogens against which 

the plant is protected. It is apparent that resistance acquired by prior inoculation is 

usually non-specific, because it may be related to recognition by the host o f compounds of 

general occurrence in the cell walls of tlie patliogens. Pathogens appear able to prevent 

this general resistance response by means tliat are not entirely understood at present, or 

alternatively they may be insensitive to or unaffected by metabolites produced as a result 

of the response.

1.3.5 Criteria For SAR Activators

There are three criteria which must be satisfied before an agent can be classified as an 

SAR mducer (Kessmami et al., 1994):

A- Neither the agent nor their metabolites should have any significant anti-microbial 

activity.
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B- The same set o f genes should be induced in treated tissues to levels comparable to 

those obseived in biologically-induced SAR.

C- Application of an agent should induce local resistance to the same spectrum of 

pathogens as seen in biologically induced SAR tissues.

The first criterion is in direct conflict with tliat described by Kiic (1995), who states that 

whether an agent can be classified as an elicitor o f resistance is unrelated to its direct 

antifungal properties. Tliis is an issue which is still open to debate.

1.3.6 Methods Used to Induce Resistance in Plants

Resistance in localised areas is the result o f an incompatible interaction between plant and 

pathogen. Many o f the interactions lead to expression of the hypersensitive response and 

are characteristic of;

A- A nonnaliy susceptible cultivar challenged by an avirulent mutant o f a pathogen.

B“ A cultivar challenged by a pathogen of an unrelated plant species.

C- A resistant cultivar challenged by a strain of pathogen that is virulent to other 

cultivars.

Unlike localised resistance, induced systemic resistance is separated from the inducing 

treatment by both time and space. Consequently, the methods used to induce systemic 

resistance are more complex than those used in expression of localised resistance and for 

the same reason are more difficult to quantify.
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1.3 .6 . 1 P rio r Inocula tion  W ith  V iable O rganism s

The principal tenet o f systemic acquired resistance is the protection o f a plant against 

llirther attack from harmful pathogens via prior inoculation with an avirulent patliogen 

of the plant. The inducing inoculation may use the same pathogen as challenge- 

moculation, or may use avirulent or incompatible forms of the same pathogen, or other 

pathogens or saprophytes (Sequira, 1979). Induction of this form o f resistance can be 

illustrated using cucumbers. The upper leaves o f certain cultivars o f cucumber seedlings 

develop resistance to TMV, Colletotrichum lagenarium or Pseudomonas lachrymans 

(Jenns et al., 1979). The resistance is manifested as a reduction in the number of lesions 

on the upper leaves. The system has a dual action; it is possible to induce resistance by- 

as well as against- the same pathogen (Caruso and Kuc, 1979; Staub and Kiic, 1980).

1-3 6.2 Prior hiocuiation W ith Attenuated or Heat-Killed Organisms

Reports that heat-killed, sonicated, formalin-treated or otherwise modified fungal spores 

or bacterial cells are effective, to varying degrees, as elicitors o f disease resistance, 

support the theoiy that pathogens induce systemic resistance by different methods. Heat- 

killed cells of Pseudomonas solanacearum are less effective inducers of resistance in 

tobacco than living Pseudomonas pisi cells. Attenuated (hypovirulent) strains of TMV 

have been applied on a practical basis more extensively than any other method for 

inducing systemic resistance in tomatoes. Plants were pre-treated with appropriately 

selected strains resulting in almost complete cross-protection agamst more virulent strains 

o f TMV, yet suffered minimal loss o f yield (Rast, 1975).
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1.3.6.3 Prior Treatment With Microbial Extract

Relative to localised resistance, induction of systemic resistance with microbial extract 

has had limited success. Lipopolysaccharide (LPS) containing extract from 

Pseudomonas solanacearum  (Graham et al., 1977) as well as various otlier Pseudomonas 

spp. and Erwinia chrysanthemi (Mazzuchi et al., 1976; Mazzuchi et al., 1979) effectively 

inliibit botli hypersensitive response and susceptible response o f tobacco to otlier 

pathogens. Extracts and culture filtrates from various fungi and bacteria protect bean 

plants against Uromyces phaseoli (Schonbeck et al., 1980), In this case resistance is only 

induced in certain locations in the plant and is not predicted by the vascular 

interconnections (Schonbeck., 1980).

1.3.6.4 Prior Treatment Witli Abiotic Agents

An abiotic agent would be considered an ‘activator’ o f systemic resistance if it induced 

the same set o f biological markers as the biological model and resistance to the same 

pathogens. It is also important that neither the agent nor its metabolites should have any 

direct anti-microbial activity.

The abiotic agent must fiilfil the three criteria for an SAR activator. At first examination 

it would appear that tliere are numerous agents capable of inducing systemic resistance 

e.g. silicon, (Doubrava et al., 1988), nucleic acids (Cherf et al., 1992), unsaturated fatty 

acids (Cohen et a l ,  1991) and many more. However more detailed studies indicate that 

the vast majority fail to satisfy the necessary criteria. In many cases application of the 

agent results in local necrosis, wliich subsequently triggers a salicylic acid dependent
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pathway like that induced by pathogen infection and in some cases a direct anti-microbial 

effect is possible.

Two abiotic agents which satisfy the criteria outlined in section 1.3.5 are salicylic acid 

and 2,6-dicldoroisonicotinic acid. Salicylic acid and its uses as an SAR activator will be 

discussed in more detail in section 1.8. 2,6-dicliloroisonicotinic acid (INA) provides good 

protection against bacterial and fongal pathogens on cucumber, rice and other crops both 

ill glasshouse and field trials. Extensive studies carried out by Ward and co-workers 

(1991) shows that in tobacco plants treated witli IN A, the same set o f nine gene families 

are activated as in plants infected with TMV. A similar correlation is observed in other 

plant species between genes systemically induced by patliogen treatment and those 

induced by INA application. ÏNA is also responsible for increases in the level of ^-1,3- 

glucanase, chitinase and 6-phosphogluconate~dehydrogenase activity in tobacco. In 

addition to the induction o f defence enzymes and SAR genes, INA is capable of priming 

plant tissues to respond more rapidly with additional defence mechanisms tlian untreated 

tissues (Kauss et a l ,  1992). Seguclii et al. (1992) demonstrated that levels o f 

lipoxygenase, peroxidase, and general lipid metabolism, were accelerated m chemically 

treated and blast-inoculated rice leaves compared to unmoculated controls. The 

mechanism for such sensitisation remains unknown.

1-3.6.5 Wounding

There is limited evidence that certain types o f wounding can induce systemic resistance in 

plants. The systemic changes which occur following wounding have only recently been 

studied in any detail (Ryan, 1982). In 1978, Ryan found drat crushing or tearing of the 

lower leaf o f young tomato plants caused a significant increase in proteinase inlribitors in
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the upper leaves. As little as 48 hours after wounding o f a single leaf, proteinase inliibitor 

accounted for at least 10% of the soluble proteins. It must be remembered however, that 

tire inliibitor proteins are not the only proteins which will increase as a result o f wounding. 

It is possible that the induced mechanism responsible for the synthesis of proteinase 

inlribitors regulates the synthesis o f otlier defence mechanisms such as lignification and 

suberization.

1.3.7 Duration o f  Induced Resistance

KÙC and Riclimond (1977) have shown that treatment of the first tm e leaf of cucumber, 

followed by a booster treatment two to three weeks later, will protect tlie plant from a 

variety o f diseases through tlie fruiting period. The same team also demonstrated that a 

single treatment protects tlie plant for a four to six week period. Without ftirther booster 

treatments systemic resistance is lost by the end of this period. However, once cucumbers 

have started flowering and set fruit it is not possible to induce resistance (Kuc, 1981). 

One possible explanation o f this is that the onset of flowering and fruiting alters plant 

hormonal balance, thus rendering the induction of resistance impossible. These factors 

considered, it would appear that the biological programming o f a plant for reproduction 

switches off the ability to induce resistance. It does not, however, prevent the expression 

o f resistance in protected tissues.

1.3.8 Nature o f  The Signal

As yet the identity o f the primaiy signal in response to initial treatment is completely 

unknown. There have to date been numerous attempts to isolate the signal, but all have 

been unsuccessftil. Extraction of tlie chemical may be difficult due to its instability in
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vitro or it may bind to a moiety during extraction. Its detection may also be hampered by 

a low concentration in vitro or its existence as a previously compartmentalised substance 

released during extraction m both healthy and infected tissue.

It has been thought by many that salicylic acid may be the systemic signal for the 

mduction of SAR in plants (Ward et a l ,  1991; Malamy et a l ,  1990; Metraux et a l ,  

1990). Dramatic increases in salicylic acid levels in TMV-resistant (Xantlii-nc) tobacco, 

but not m susceptible (XantJii) tobacco have been observed, which is paralleled by the 

mduction o f genes encoding pathogenesis related proteins- (PR) proteins, e.g. PR-1 genes. 

Furthermore, Ward et a l  (1991) confirmed that the exogenous application of salicylic 

acid induced transcription o f an entire set o f SAR gene families which are activated by 

biological mduction. These findings at the time were taken as evidence mdicating that SA 

was the systemic signal for SAR.

However, Gaffiiey and co-workers (1993) used tobacco which was transformed with the 

wahG-gene from Pseudomonas piitida. This gene encodes a salicylate hydi oxylase which 

catalyses the degradation of salicylate to the non-inducing catechol The transgenic plants 

were shown to express the no/iG-gene and salicylic acid levels did not rise, nor did it 

accumulate after the onset of SAR. Using tobacco plants nahG~gem Vemooij et a l  

(1994) expressed beyond doubt that salicylic acid was not the signal responsible for the 

induction of SAR. Wlien nahG-gme scions were grafted onto Xanthi-nc tobacco, no 

SAR was induced despite tire presence o f salicylic acid in the Xanthi-nc rootstock. 

Conversely, grafts of Xanthi-nc onto nahG-gtno plants induced a typical SAR response in 

the Xanthi-nc scion, though no increase in salicylic acid levels in the rootstock was 

observed.
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The essentiality o f SA per se for induced resistance is ftirther questioned by the findings 

o f Delaney et al. (1994) who found that INA, a compound capable o f inducing resistance 

in a number of plant species, was capable o f restoring resistance to an incompatible race 

o f FhytopthoJ'a parasitica and induced resistance to a compatible race in Arabidopsis 

thaliana containing the salicylate hydrogenase gene. The autliors report that because 

hydroxylase-containing plants cannot accumulate SA, they become more susceptible to 

some pathogens and less resistant to incompatible races o f P. parasitica. Therefore SA is 

not necessarily essential per se, but it may function as part of the signalling process in 

SAR. It was reported recently that the ability of INA to induce SAR in tobacco does not 

depend on SA and INA induces systemic increases m PR-1 niRNA in plants expressing 

the hydroxylase gene (Vemooij et al., 1995). One possible inteipretation of tliis is tliat 

INA is a  functional analogue of SA (Delany et ah ,1994).

1.3.9 Signal Transduction

It is difficult to examine the mode of action of signal transduction, since the initial signal 

for SAR is still imreported. Studies have been initiated which may provide an insight into 

the pathways or early events in signal transduction and may even elucidate the initial 

signal(s) for SAR (Dixon et al., 1994).

Chen and co-workers (1994) isolated a salicylic acid binding protein with catalase 

activity; this binding has been suggested to result in the accumulation o f transitory levels 

o f  hydrogen peroxide and other active oxygen species. It has been suggested that the 

oxidative burst following catalase inliibition by SA is responsible for SAR. It is uncertain 

whether SA levels in tissue distant from the site o f SAR induction before challenge is 

sufficient to inliibit catalase and generate sufficient active species (AOS) for SAR.
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However, the levels o f SA accumulating around infection sites in leaves with SAR 

induced may be sufficient. The ability of INA to induce SAR without hicreasing SA 

levels make it unlikely that tlie SA-catalase binding is uniquely responsible for SAR 

(Vemooij et a l ,  1995), although oxidative stress may be partially responsible for the 

induction of SAR.

1.4 E tduced Resistance on H ost Physiology

Resistance activates a multiplicity o f defence mechanisms, many already known, others 

may not yet have been identified. It includes the formation o f both physical and chemical 

barriers and the synthesis of anti-microbial compounds, which limit or restrict the growth 

o f pathogens. Active defence mechanisms have proved an invaluable tool in breeding and 

hence, modern plant production. However, it has to be considered that while active 

defence mechanisms are highly efficient at restricting pathogen growth, these processes 

occur at the expense o f the energy of the plant, and therefore may be a limiting factor in 

plant growth and yield.

1.4.1 Energy Costs Associated With Disease Resistance

Incompatibility and active defence are associated with the enlrancement of certain 

biological activities such as altered translocation and an increase in the synthesis of 

defence related compounds. Tliese increases in biological activity are energy demanding, 

energy which to a large extent is derived from an increase in respiratory activity. It is 

well documented that increased respiratory activity is an associated feature o f diseased 

plants (Daly, 1976), although research by Smedegaard-Petersen and Stolen (1981) on the 

respiratory activity of tissue reacting incompatibly is less conclusive. If  the respiration 

rate of compatible and incompatible interactions between Erysiphe graminis and barley
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are compared, then typically the resistant plants do exhibit an earlier and more dramatic 

mcrease in respiration than susceptible plants (Millard and Scott, 1956; Smedegaard- 

Petersen, 1980; Smedegaard-Petersen and Stolen, 1981), although there are exceptions to 

this generalisation (Scott and Smillie, 1966).

Increased photosynthesis in tire infected leaves of plants infected with an obligate biotroph 

has frequently been reported (Ayres, 1979; Walters, 1985) and would appear to be due to 

the ability o f tire plairt to compensate for a reduction in vitality caused by the pathogen 

(Edwards, 1970). Falkliof (1990) also reported an mcrease in the rate of photosynthesis 

in the upper leaves o f induced resistant barley, which may be based on an increase in 

ribulose-1,5 -bisphosphate activity or conteirt (Walters and Ayres, 1983). Interestingly, 

Murray and Walters (1992) reported increased rates of photosynthesis in upper leaves of 

broad beans expresshrg SAR. They found that if  this increased photosynthesis was 

reduced by shading, the magnitude o f SAR was substantially reduced, although it was not 

abolished, illustratmg tiie importance of increased photosynthesis in providing assimilates 

for SAR. Plants expressing induced resistance have the ability, it would appear, to 

compensate for the adverse effect o f pathogen on their growth and metabolism, which is 

mmiifested in a prolonged maintenance of the assimilation rate.

In a recent study, Kehlenbeck et al. (1993) examined the mechanisms underlying this yield 

increase obtained in mildew-infected barley expressing induced resistance following 

treatment with Bacillus subtilis. They found that flag leaves exliibited elevated rates of 

photosynthesis, enhanced sucrose levels m the apoplast, and translocation into the grain 

was unimpaired.
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1.5 Induced Resistance as a Method o f Disease Control

The use o f  induced resistance, coinniercially, for tlie control o f plant disease is minimal. 

In Japan (Komochi et ah, 1966) and the Netherlands (Rast, 1975) low viraletice strains of 

TM V  have been used to cross-protect tomatoes agamst vimlent strains of the same 

pathogen. M ild strains o f  potato virus X have been used similarly to offer considerable 

protection against more vim lent strains of the virus. Other examples o f accidental cross­

protection can be found in vegetatively propagated crop plants. Cross-protection does not 

feature largely as a  method o f disease control in any commercially important crop.

Field scale inoculations with Colletotrichum lagenarium  against Colletotrichum  

lagenarium  were carried out by Kiic (1977) with some degree o f  success. After 

challenge-inoculation, sixty-eight percent o f unprotected plants died but less than two 

percent o f  the protected plants succumbed to the disease. Under normal field trial 

param eters the results would undoubtedly have been even more hnpressive, since the 

natural inoculum levels are likely to have been far lower than those used experimentally.

Glasshouse grown tomatoes in Italy have been protected successfully with a strain of 

VerticiIlium alho-atrum  (M atta and Garibaldi, 1977) which was avim lent on tomatoes. 

Control was effected by dipping seedling roots into a spore suspension prior to 

transpiantmg. However, although the results obtained from these artificially inoculated 

soils were encouraging, the control achieved on naturally infected soils was less 

pronounced.

Research a t SCRI in Dundee has shown that extracts from the yeast Saccharomyces 

cerevisiae can induce resistance in crop plants (Lyon et ah, 1995). These elicitors
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enlianced resistance o f barley to powdeiy mildew, lettuce to Botrytis cinerea and bean to 

Botrytis fa b a e . They found that the yeast extract increased PAL activity in barley leaves, 

and in the field provided substantial control o f barley powdeiy mildew. These extracts 

are currently being developed for possible commercialisation.

In the summer o f 1995 Ciba launched a new crop protection compound, a 

benzothiadiazole (CGA 2457040), winch works by activating SAR. It is the first 

conmiercially produced plant protection compound which acts by activating plant 

defences. Although launched primarily for use on wheat as a ‘plant tonic’, it induces 

resistance against a wide range o f fimgal and bacterial pathogens.

1.6 Th e Hypersensitive R esponse

This is a  common response in plants which are challenged with avirulent pathogens. The 

challenged cells and on occasion the cells in the immediate vicinity die rapidly, and the 

associated necrosis is characteristic o f  resistance o f the plant as a  whole.

The h>'persensitive response is associated with the induction o f a number o f defence 

responses including lignification (Beardmore et al., 1983), phytoalexin synthesis (Dixon, 

1986), the synthesis o f  hydroxyproline rich glycoproteins (O ’Connell et al., 1990) and the 

production o f hydrolytic enzymes such as chitinases and glucanases (Boiler and Metraux, 

1988; Castresana et al., 1990).

It is now well established that the hypersensitive reaction induces protection o f the plant 

to challenge by the same or other organisms, i.e. it induces SAR.
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1.7 Defence Responses Induced

1.7.1 Phytoalexin Accumulation

This is one o f the most rapid defence response to be activated by pathogen attack. 

Phytoalexins are low molecular weight anti-microbial substances, wliich accumulate in 

the area immediately surrounding infection. They are generally lipophilic substances 

which are products o f secondar}/ metabolism and are not translocated. A signal that 

conditions plants to accumulate phytoalexins following infection is, however, 

translocated. Therefore it has been shown tliat phytoalexins accumulate in tissue which 

has been primed by prior infection or by treatment with an abiotic elicitor of resistance 

(Kuc, 1982; Kuc and Caruso, 1977; Kuc and Tuzan, 1983; Kùc, 1984; Kùc and Presig, 

1984; KÙC and Rush, 1985). Phytoalexins will therefore accumulate in the required 

areas following priming o f the plant’s defences. Some are phytotoxic at concentrations 

wliich inhibit pathogen growth. The accumulation of these anti-microbial defence 

substances has been demonstrated in at least seventeen plant families (Coxon, 1982; 

Ingham, 1982; Kùc, 1982).

In all reported cases phytoalexin accumulation is not detennined by tlie presence or 

absence o f certain genetic information required for synthesis (Kùc and Rush, 1985). This 

is therefore compatible with the hypotliesis that all plants contain the genetic information 

required for disease resistance. Phytoalexins are degraded by both plant and microbial 

enzymes and therefore tJieir accumulation is a function of the rate of synthesis and the rate 

of degradation. There are two distinct aspects of phytoalexin accumulation. The primary 

stage is the development o f necrosis as a result of either a biotic or an abiotic agent, 

which releases a nonphytotoxic substance. The second pliase is the movement of the

43



noiiph>1:otoxic signal to healthy non-infected plant cells which then primes tliem for 

phytoalexin synthesis, should it be required (Camso and Kuc, 1977; Bailey, 1982).

1.7.2 L ignifi cation

Tlie process of lignification shares similarities witli phytoalexin accumulation. Like 

phytoalexin accumulation it is brought about by stimulation of the phenylpropanoid 

patliway, resulting in the formation of sinapyl and coniferyl alcohols. A free radical 

reaction involving water and peroxidase results in their polymerisation. This 

polymerisation process gives rise to very complex but higlily resistant structures.

Lignification can restrict pathogen growth in a number o f ways:

1. Increase the mechanical strength of the host cell wall.

2. Reduce the susceptibility o f host cell walls to degradation by extracellular enzymes.

3. Restrict the diffiisioii of pathotoxins and nutrients.

4. Inhibit the growth of tlie pathogen by the action of toxic precursors and free radicals.

5. Lignification o f the pathogen.

(Kuc, 1983).

In cucumber resistant to ColletotrichuUn lagenarium, lignification occurs rapidly after 

penetration by the patliogen in numerous cells around the site of pathogen attack. In 

susceptible cucumber lignification is also observed, but it is delayed until the pathogen 

has ramified through the host cells and it is diffiise and weak (Hammersclimidt and Kùc, 

1980). However, in susceptible plants which have had an immunising treatment with 

Colletotrichum lagenarium, lignification is much more rapid, intense and less diffuse 

than m non-immunised plants (Hammerschmidt and Kiic, 1980), indicating that
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lignification is involved in SAR. It is reported that chitin, a component o f the cell wall of 

many fiingi, acts as an elicitor of lignification (Pearce and Ride, 1978) and as a matrix for 

lignification (Seigel, 1957).

Lignification can therefore create a  very hostile environment for plant pathogens. In 

smnmary, it generates higlily toxic phenolic lignin precursors, toxic free radicals, 

lignification of the pathogen, binds fungi to host cell walls, renders host polysaccharides 

and proteins resistant to degradation by fungi. However, to date, although the evidence 

for lignification as a  defence mechanism induced by SAR is strong, much, as yet, is 

circumstantial.

1.7.3 Papillae Formation and Callose Deposition

Papillae are cell wall appositions laid down in response to attempted penetration by both 

fungal and bacterial infections. At tlie site of attempted penetration the germ-tube tip 

swells and adlieres to die host. In a bid to prevent penetration, the host deposits a papilla, 

a  host-produced matrix which contains primarily callose. The papilla will slow down the 

rate o f penetration by the patliogen, possibly by physical impedance. Tliis has been 

extensively studied and papilla formation coincides witli failed fimgal penetration, and 

resistance is associated with the chemical composition o f the papilla. Callose is a jS-1,3- 

linked glucan wliich again is laid down in response to patliogen attack or wounding.

Callose formation and papilla deposition were studied in isogenic lines o f barley, one 

containing the m l-0  mutation for powdery mildew resistance, together with an inhibitor of 

callose fonnation (Bayies et al., 1990). It was found that treatment of the resistant barley 

coleoptile with the inhibitor decreased the formation of callose-contaming papillae and
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thus increased the efficiency of penetration by the powdery mildew fiingus. Time course 

studies o f papilla deposition revealed that the deposition was actually delayed and those 

which were laid down were breached by tlie pathogen, but those laid down early were not.

1.7.4 Hydroxyproline-rich Glycoproteins

Hydroxyproline-ricli glycoproteins (HRGP) are an integral part of plant cell walls wliich 

fomi approximately five to ten percent of the diy weight o f tlie plant cell wall mass (Sauer 

et al., 1990). Monomeric HRGPs are secreted into tlie cell wall spaces and rendered 

insoluble by cell wall bound peroxidases via the fonnation of isodityrosine linkages 

(Cooper and Varner, 1983). Esquerré-Tugayé and colleagues (1979) showed that HRGP 

levels increased following infection o f a pathogen known to induce resistance. O ’Connell 

et al. (1990) have shown by immimocytology, using a  gold-labelled antibody raised 

against a  major HRGP fraction o f melons, that in melon inoculated with Pseudomonas 

syringae, HRGPs accmnulate in the walls o f living cells which are adjoined to dead 

hypersensitive cells during resistant reactions. These data support the role of HRGPs in 

defence. One possible function is that they provide a template for callose deposition in 

papillae (O’Comiell et al., 1990),

1.7.5 Chitinase Activity

It has been reported that some plants exliibit an increase in chitinase activity in response 

to infection by fiingi, bacteria and viiuses (Metraux and Boiler, 1986; Metraux et al., 

1988). Chitin is a structural polymer found in the walls of many fungi. Plants however 

do not contain chitm. Chitinases have been found constitutively in cereals (Schlumbaum
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et aî., 1986; Ride and Barber, 1990). Two reasons for their possible importance in host 

parasite relations are:

A- Cliitinases are potent iiiliibitors o f fungal growth (Schlumbaum et al., 1986)

B- The chitin oligomer released may act as an elicitor o f lignification (Ride and Barber, 

1990)

This is analogous to the action of polygalacturonase which releases galacturoiiate 

oligomers, which are phytoalexm elicitors. It was shown by Metraux and Boiler (1986) 

that cliitinase was induced m cucumber exhibiting SAR by up to 100 times the base level, 

following an inducing inoculation o f Colletotrichum lagenarium. The same authors also 

reported elevated levels o f chitinase, in cucumber plants, treated with known elicitors of 

SAR. The level o f induction was reported to be of a  similar magnitude to that induced by 

the C. lagenarium. However, the extent to which chitinase is directly involved in SAR 

has not been thourghly investigated. This is an area for future research.

1.7.6 PAL and Peroxidase Activiiy

PAL and peroxidase are the enz}anes which catalyse the primary reaction from 

phenylalanine (Stafford, 1974) in a pathway which leads to cnmamic acid CoA esters, 

and is important in many other plant processes including the final step in lignin synthesis 

from cimiamyl alcohols (Northcote, 1985).

Peroxidases are present in both ionically and covalent fonns bound to cell walls, as well 

as in a soluble state. Associated witli the induction of resistance in tobacco and cucumber 

is a three-fold increase in peroxidase activity (Naldony and Sequeira, 1980; 

Hammerschmidt and Kuc, 1980). This is systemic and is observed in tissue wliich is 

distant from the inducer treatment (Hammersclimidt et a l ,  1982). Peroxidase activity
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increased sooner in induced than in non-induced tissue after challenge. Enlianced activity 

may also be attributed to an increase in tlie activity o f several peroxidase isozymes 

(Hammerschmidt and Kiic, 1980). In many cases peroxidase activity in untreated plants 

will overtake that in immunised tissues after challenge. It is likely that in untreated plants 

the response is initiated later and less strongly.

It is mteresting to note that treatment of cucumber with ethylene also increases the 

peroxidase level as does the onset o f senescence. However, in neither case is disease 

resistance induced. For induction of resistance enhanced peroxidase activity may require 

an increase or a non-limiting supply of both hydrogen peroxide and a hydrogen donor. 

Senescence and treatment with ethylene boür fail to provide an adequate supply of these 

compormds (Kiic, 1983).

Green and co-workers (1975) have noted a doubling in PAL activity within four hours of 

immunising inoculations, which is surprising due to the low percentage o f plant cells in 

contact with the patliogen at this stage. This rapid and early increase suggests that the 

changes are induced before appressorium development (McKeen and Rimmer, 1973) and 

papilla formation. It would appear from the evidence available that the presence o f a 

genninating spore on the leaf surface is all that is required to induce the host response.

1.7.7 Lipoxygenase A ctivity

Lipoxygenase catalyses the incorporation of molecular oxygen into polyunsaturated fatty 

acids, such as linoleic acid and linolenic acid, the result o f which is a conjugated 

hydroperoxydiene. Lipoxygenase is widespread in the plant kingdom (Sliimura et al., 

1983), and to date sixty plant families have been reported to contain the enzyme.
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Increased lipoxygenase activity was demonstrated in a number o f plant-pathogen 

interactions (Croft et al., 1990; Lupii et al., 1980). The products o f lipoxygenase activity 

may contribute to host defence in a number o f ways, including:

A- By direct inhibition o f pathogen growth (Namai et al., 1990; Oota et al., 1990)

B- Induction o f phytoalexin accumulation (Li et al., 1991)

C-The furtlier synthesis o f compounds such as jasmonic acid, witli the potential to act as 

signal messengers (Anderson, 1989; Salt et a l ,  1986)

Early events in the inoculated leaf which occur prior to tire onset of systemic resistance 

may have a role to play in its establisliment. These changes include early alterations in 

plasma membrane potential (Mayer and Ziegler, 1988), increased membrane permeability 

(Keppler et a l ,  1988) and membrane lipid deterioration (Adam et a l ,  1989).

Avdiushko and co-workers (1993) found a significant increase in lipoxygenase activity in 

plants expressing SAR. They found all three inducers they tested resulted in elevated 

levels o f lipoxygenase, 2, 3 and 4 days after induction. The increase in lipoxygenase 

activity preceedes or coincides with the onset of induced resistance, therefore it may be of 

importance in SAR. The systemic enhancement o f lipoxygenase activity following 

inducer treatment with either pathogens or abiotic agents had not previously been 

reported.

1.7.8 ^-1,3-Glucanase Activity

It has been recognised for a number o f years that many higher plants accumulate /3-l,3- 

giucanase in response to pathogen attack (Ferraris et a l ,  1987; Joonston and De Wit, 

1989; Kauffinan et a l ,  1987), treatment with elicitors o f resistance (Kombrink et a l ,
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1988) or exposure to other stresses (Mauch and Stahlin, 1989). hr 1987, Kauffiiran and 

co-workers identified four induced PR-proteins as ^-1,3,-gIucanases. It was reported that 

^-1,3-glucanases hydrolyse jS-l,3-glucans, which are cell wall components of many 

patliogenic fungi (Baitinicki-Garcia, 1969). Consequently, it was suggested that they 

have an important role to play in plant defence agamst pathogen attack (Boiler, 1987; 

Vogeli et al., 1988). The enzymes hydrolyse fungal cell walls (Boiler, 1987; Young and 

Pegg, 1982) and also release oligosaccharides capable of eliciting phytoalexin production 

(Keen and Yoshikawa, 1983, Keen et a l ,  1983).

Mauch et a l  (1988) demonstrated that in some instances l3-l,3-glucanases work 

synergistically with chitinase. This is also true for plants which have been systemically 

protected (Pan et a l ,  1989, 1991), A number of reports indicate increases in 

glucanases associated with tire onset of resistance (Pair et a l ,  1991; Wyatt et a l ,  1991; 

Schneider and Ullrich, 1994).

The principle o f SAR presents modern plant patlrologists with some interesting 

possibilities for the control o f plant disease, as well as for gaining a deeper insight into the 

disease resistance mechanisms operational in some plants. Primarily, SAR initiates 

disease resistance which operates solely on natural defence mechanisms. As demonstrated 

in much of the work on SAR, it is long lasting and effective against a broad range of 

pathogens. Finally, the evidence indicates tlrat SAR is responsible for the activation o f 

multiple disease resistairce mechanisms. Thus it is less likely the pathogen will overconre 

this form of resistance, as is the case with resistant varieties and modem single site 

fungicides.
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1.8 Salicylic Acid

Many centuries before modem medical scientists identified the multiple therapeutic effects 

of salicylates, the inhabitants o f  the old and new world independently observed tliat the 

bark and leaves o f Salix cured fevers and general aches. In 1828 a  German, Johann 

Buclmer, successfidly isolated a tiny amount of salicin- salicyl alcohol glucoside, tire 

major salicylate in willow bark. The salicylate was named salicylic acid in 1838, the 

name derived from Salix, the Latin name of the willow tree. Commercial production of 

synthetic salicylic acid first began in Germany in 1874. In 1898, the Bayer company 

introduced Aspirin, the trade name for acetylsalicylic acid, wlrich went on to become one 

o f the world’s best selling drugs.

1.8.1 General Properties o f  Salicylic Acid

Salicylic acid belongs to a diverse group o f plant phenolics. Free salicylic acid is a 

crystalline powder with a melting point in the range o f 157-159”C. According to a 

mathematical model developed in 1988 (Hsuaird and Kleier, 1990; Kleier, 1988), the 

physical properties o f salicylic acid [pKa=2.98; Mimrick and Kilpatrick, 1939 and log 

Kow (octanol/ water partitioning coefficient)=2.26; Hansch and Anderson, 1967] make it 

ideal for long distance transport in the phloem. It is possible to assume therefore that 

unless salicylic acid is actively transported, metabolised or conjugated, it should be 

translocated from the initial point of application or synthesis to distant tissues. This is 

further supported by hydrolysis studies (Enyedi et al., 1992; Malamy et al,, 1992) which 

revealed the presence of conjugated salicylic acid, most likely 0-6-D 

glucosylacetylsaiicylic acid in TMV treated plants. Such conjugates have not been 

detected in the phloem exudates or uninoculated tissues of TMV treated plants (Enyedi et
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al., 1992), thus supporting Üie hypothesis that salicylic acid is transported as the free 

acid. It is possible that conjugation o f the salicylic acid by an inducible UDP-glucose- 

salicylic acid glucosyltransferase provides the mechanism for regulating salicylic acid 

levels during SAR.

1.8.2 Salicylic Acid Levels in Plants

Although it has long been suggested that salicylic acid is present in plants several 

investigations using modem analytical teclmiques have verified tliis (Baardseth and 

Russwurm, 1978; Metraux and Boiler, 1986). Raskin et al. (1990) carried out a 

comprehensive study o f salicylic acid levels in leaves and reproductive stmctures of over 

thirty o f the most agronomically important plant species. This study confimied the 

ubiquitous distribution o f this compound in plants, with rice, crabgrass, green foxtail, 

barley and soybean all recording levels in excess o f 1 pg g-' fresh weight.

1.8.3 Effects o f  Exogenously Applied Salicylic Acid

The first report of salicylic acid being involved in the regulation of flowering in plants 

followed an experiment in wlrich aphids were allowed to feed on the vegetative and 

reproductive structures o f the short day plant Xanthium stnimarum. Cleland (1974) 

hypothesised that the phloem-transmissible factor responsible for inducing flowering 

could be found in the lioneydew excreted by aphids Flower inducing, as well as flower 

inliibiting components, were identified in the collected honeydew. It was concluded that 

the flower inducing factor was o f plant origin, since the aphids being fed synthetic diet 

produced honeydew which was lacking the flower inducmg substance. The substance 

responsible for promoting flowering was subsequently identified as salicylic acid.
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Reports soon followed of tlie florigenic effects of exogenous salicylic acid on Lenmoceae 

and plants o f different families. The mechanism by which salicylic acid induces flowering 

in plants is not yet known. One popular hypothesis is that salicylic acid induces flowering 

by acting as a chelating agent, since the free 0-hydroxyl group confers metal chelating 

activity on the benzoic acid (Oota, 1975). This hypothesis is further supported by the fact 

that chelating agents are able to induce flowering in Lemnaceae (Oota, 1972; Seth et al., 

1970) and the induction resembles tlrat induced by salicylic acid (Pieterse and Müller, 

1977).

Certain plants excrete allelopatlric chemicals in the rliizosphere to prevent germination of 

seeds or inliibit growth o f neighbouring plants (Eiirlrellig, 1986). It has been suggested 

that salicylic acid is one such allelopatlric chemical. Salicylic acid reduces shoot dry- 

weight accumulation in several crops and weed species (Shettel and Balke, 1983), 

possibly by interfering with the membrane ion transport in roots (Glass, 1973; Harper and 

Balke, 1981).

Concentrations of salicylic acid, betweeir 1 and 10 mM, significairtly reduce transpiration 

in kidirey bean {Phaseolus vulgaris) leaves (Larque-Saavedra, 1979) and in epidermal 

strips o f Commelina communis (Larque-Saavedra, 1978), though because o f the 

relatively high concentrations used it is unlikely that salicylic acid has any significance for 

the physiological regulation o f stomatal behaviour. Salicylic acid also significantly 

increased pod number and yield in mung beans (Singh and Kaur, 1980) and increased 

gram number and height o f chena millet, Panicum milaceum (Datta and Nanda, 1985). 

At concentrations of between 0.01 and 0.05 mM salicylic acid stimulates the in vivo 

activity/ of nitrate reductase in maize seedlings, possibly hidirectly, by protecting the 

enzyme from inactivation.

53



1.8.4 Salicylic Acid Biosynthesis in Plants

Plants are m ost likely to synthesise salicylic acid from ciimamic acids, important 

intermediates m the shikmiic acid pathway (Gross, 1981; Haslam, 1974). Salicylic acid 

could therefore be viewed as a derivative o f cinannnic acid. The conversion o f cmammic 

acid to salicylic acid is likely to proceed via one o f two patliways as outliaed in Figure 1. 

These two pathways differ in tlie order o f 13-oxidation and ortho-hydioxylation and it is 

feasible tliat both operate independently in plants.

W ork by Chada and Brown (1974) first suggested that both .pathways were operational, 

followmg die observation that the hifection o f  young tomato plants with Agrobacterium  

tumefaciens increased the ortho-hydroxyiation o f ciimamic acid. However, in non­

infected plants it was tlie chmainic acid—> benzoic acid—> salicylic acid pathway which 

was most active.

Shildmic A d d

Phenylalanine

i o-Couniaric A d d

/

Trans-C iim am ic A d d
/

Salicylic Acid

Benzoic Acid

Figure 1. Proposed pathway for salicylic acid biosynthesis
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1.9 Methyljasmonate

Jasmonic acid [3-oxo-2-(2’-cis pentyl)-cyclopentane-l-acetate] and its methyl ester are 

naturally occurring compounds found in many plant species (Vick and Zinunerman, 1984; 

Staswick, 1992). Methyljasmonate was first isolated as an odiferous component o f the 

essential oil from Jasm inium  grandiflorum  L. (Demole et a l ,  1962). Early interest in 

these compounds centred around their fragrant properties, and metliyljasmonate has 

subsequently become a major constituent in the perfume industry. More recently, 

jasm onic acid and methyljasmonate have been subject to  more detailed studies by plant 

physiologists, who have shown that both tliese compounds have plant growtli-regulating 

properties (Datlie et a l ,  1981; Uedo and Kato, 1980; Uedo and Kato, 1982; Yamme et 

a l ,  1981), though the general opmion points to their primary action at gene level

1.9.1 General Properties o f  M ethyljasmonate

Methyljasmonate is a  volatile, oxygenated fatty acid lipoxygenase product o f linolenic 

acid, which is a  liquid at room temperature. It exists as a  (-) and a (+) epimer. (-) 

methyljasmonate has the trans configuration o f the side chains, witli respect to tlie plane 

o f  the ring, and the (+) epimer has tlie d s  configuration (Demole et a l ,  1962). In Vick 

and Zinunerm an’s study o f plant tissue, results indicated that the cis configuration o f the 

side chains was maintained throughout the conversion from 12-oxo-phytodienoic acid to 

jasm onic acid (Vick and Zimmerman, 1994). Thus, it is believed that the cis 

configuration is the naturally occurring stereoisomer o f jasmonic acid. Further support 

for this hypothesis comes from work by Gundlach et al. (1992) which shows the (4 ) 

epimer to have tlie higher biological activity.
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1.9.2 Methyljasmonate Biosynthesis in Plants

The proposed biosynthesis of jasmonic acid and its metliyl ester begins witli a-linolenic 

acid and proceeds through the octadecanoid products 13(S)-hydroperoxy4inolenic acid 

and 12-oxo-phytodienoic acid (Vick and Zimmerman, 1984, 1986; Fig 2). Since a 

lipoxygenase catalyses the first committed step o f tlie biosynthetic pathway, that is, it 

converts a-linolenic acid to 13-(S)~hydroperoxy-lmolenic acid, potentially jasmonic acid 

or methyljasmonate could affect their own biosyntliesis (Grimes et al., 1992),

CigHsoOz (lipoxygenase)

i
C 1 8 H 3 0 O 4

i Hydroperoxide Cyclase

CisHsoOs (12-oxo-cis-cis-10,15-phytodienoic acid)

i
CigHzgO]

i Series o f ^-oxidation

CjgHigOs (Jasmonic Acid)

Fig 2. The proposed route for biosynthesis o f jasmonic acid from linolenic acid
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1.9.3 Effects o f Exogenously Applied Methyljasmonate

Exogenous application o f meü'iyijasmonate elicits a variety o f physiological responses in 

treated plants. It promotes stomata closure (Curtis, 1984), accelerates leaf senescence in 

barley and oats (Uedo and Kato, 1980; Weidhase et al., 1987), ethylene production in red 

and green tomato fruits (Saiewski and Czapski, 1985), tendril coiling in wild hops 

(Falkenstein et al., 1991), and it can also alter gene expression by the rapid induction o f 

protein synthesis (Curtis, 1984; Weidhase, 1987).

An increase in the expression o f genes associated with the syntliesis o f  defence related 

compounds have been noted following methyljasmonate treatment (Gundlach et al., 1992). 

Soybean cell suspension treated with 250pM  methyljasmonate exhibited a  detectable 

increase in the level o f phenylalanme ammonia lyase (PAL) poly (A) + RNA which was 

reflected in a significant increase in PAL activity. Tomato leaves exposed to gaseous 

methyljasmonate responded in a  similar manner to those wliich had resistance induced by 

insect feeding or wounding (Farmer and Ryan, 1990). The accumulation o f proteinase 

inhibitors in response to this treatment was greater than the detectable level after 

mechanical injury (Farmer and Ryan, 1990). Application o f linolenic acid to tomato 

leaves induces the same set o f  proteinase inliibitors, suggesting that the patliway of 

jasm onic acid biosynthesis is constitutively expressed (Farmer and Ryan, 1992).

1.9.4 M ethyljasmonate Levels in Plants

W ork by Gundlach et al. (1992) indicates that methyljasmonate is partially hydrolysed to 

free jasm onic acid in the plant by endogenous esterases. This suggests therefore, that 

exposure o f plant tissue to exogenous methyljasmonate results in an endogenous increase
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ill jasm onic acid levels. At present little is loiown about tire actual alterations in the levels 

o f  either methyljasmonate or jasmonic acid following pest or pathogen attack. However, 

cell suspension cultures o f  Rauvolfia canes cens L, and E. californica  treated with elicitor 

derived from yeast cell walls exliibited an increase in the endogenous levels o f both 

methyljasmonate and jasmonic acid (Gundlach et al., 1992), The basal level o f jasmonic 

acid increased from 250 ng/g dry weight to 1370 ng/g dry weight in a  45 minute period

i.e. a  5-fold increase.

Jasmonic acid is phloem mobile (Anderson, 1985). Its phloem mobility combined with its 

activation o f proteinase inlribitors in distal leaves indicates that it is possibly a signal 

molecule suitable for transport throughout the plant.

1.9.5 M ethyljasm onate as a Systemic Signal

In an attempt to verify that methyljasmonate was a systemic signal, possibly in systemic 

protection against insects. Farm er and Ryan (1992), exposed a  single leaf o f  a two leaf- 

stage tomato plant to methyljasmonate. Proteinase inhibitors I and II accumulated in 

treated distal leaves and mKNAs for these proteinase inliibitors accmnulated in untreated 

distal leaves o f the methyljasmonate treated plants. Application o f jasm onic acid also 

resulted in the accumulation o f proteinase inliibitors I and II (Farmer and Ryan, 1992). 

M etliyljasmonate is also capable o f inducing the systemin gene, a peptide shown to posses 

a hormone-like regulatory function in plants (Faim er and Ryan, 1992). It is possible that 

methyljasmonate induction o f  gene expression is a prim aiy step in the signal transduction 

pathway for the induction o f  proteinase inliibitors. It is also possible that due to tlie effect 

o f methyljasmonate and jasm onic acid on the transcription o f proteinase I and II niRNAs, 

the process is systemin mediated. However, before any fim i conclusions can be drawn, it
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is imperative to determine whether physiologically relevant concentrations of 

methyljasmonate or jasmonic acid liberated from plant tissues are capable o f increasing 

resistance to  pest and disease damage, and also whether systemin and 

methyljasmonate/jasmonic acid share tire same transduction pathway.

1.10 Potassium  Phosphate

1.10.1 General Properties

Potassim n phosphate is a wliite water-soluble crystalline powder at room temperature 

with a molecular weight o f 212g.

1.10.2 Potassium  Phosphate Produ ction

Production o f  potassium phosphate was very limited in the early twentieth century AD 

and though widely studied its commercial production was primarily experimental. 

Scottish Agricultural Industries has developed a  process which involves reacting wet- 

process phosphoric acid with potassium chloride in a heated rotary drum (Ewart and 

Raitt, 1969). This process yields approximately 445 kg per hour. Other companies are 

involved in developing new teclmiques for the production o f potassium phosphate.

1.10.3 Exogenous Application o f  Potassium. Phosphate

The exogenous application o f potassium phosphate induces systemic protection against a 

num ber o f plant pathogens (W alters and Murray, 1992; Reuveni et al., 1994; Gottstein 

and KÙC, 1989). It was suggested that potassium phosphate works on a similar principle
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to oxalates (Gottstein and Kiic, 1989), that is by sequestering calcium from host tissues. 

The sequestration o f  calcium may affect cell membranes, destroy cell 

compartmentaiisation and cause tlie synthesis or release o f hydrolytic enzymes. These 

enzymes may then act on cell walls wliich have been rendered more susceptible to 

enzymic attack by the removal o f  calcium. The oligosaccharide or polygalacturonase 

formed m ay function as the translocated alarm signal for induced resistance or cause its 

release.

1.10.4 Potassium  Phosphate as a Fertilise?^

Reuveni et al. (1994a,b) reported that in addition to inducing acquired resistance in 

cucumbers, potassium phosphate also stimulated a  significant increase in plant growth. 

This phenomenon was also observed in maize treated with potassium phosphate (Reuveni 

et al., 1992). The effectiveness o f foliar fertilisation is limited by several factors, which 

include poor nutrient uptake due to leaf surface tension and inability to supply the nutrient 

in large enough quantities.

1.11 Objectives o f  The Project

Although, to date, a  substantial amount o f research into the phenomenon o f systemic 

acquired resistance has been carried out, little has been focused on the interaction between 

barley and Erysiphe graminis. Tliis is surprising in light o f the fact that barley is the 

worlds fourth most important cereal.
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This study was mitiated with the aim o f fulfilling four primary objectives. These are;

1. To determine the fundamental requirements for optimal induction and maintenance of 

SAR in barley.

2. To assess the viability o f induction o f SAR as an alternative, in the field, to proprietry 

chemicals and the assess the effect on yield.

3. To assess the effects on growth brought about by induction o f SAR and challenge- 

inoculation.

4. To peiTorm a preliminary investigation into enzyme activity in plants exhibiting SAR.
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2. MATERIALS AND METHODS



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

2.1 G eneral M aterials and M ethods

2.1.1 Growth and  M aintenance o f  Barley Seedlings

Seeds o f  barley, cultivar Golden Promise, were sown individually into FP9, 9 cm pots, 

filled with Levington M3 compost. The pots were arranged on trays and placed in a 

ventilated glasshouse. Plants were watered daily with no supplementary nutrition being 

supplied. The average daytime temperature in tlie glasshouse during the course o f the 

experiments w as 22”C, with a maximum o f 25“C. Average night time temperahire fell to 

between 14°C and 17°C. Natural daylight was supplemented by growing plants under 

400W  mercury vapour lamps, to provide a 16 hour photoperiod. Mean irradiation m the 

glasshouse at midday was 600 /tm ol m-^ s-' photosynthetically active radiation.

2.1.2 Inoculation and  M aintenance o f  Powdety Mildew

Barley powdery mildew was maintained on stock barley plants grown in the glasshouse 

under the conditions outlined in section 2.1.1, Mildew conidia were gathered by gently 

bm sliing the upper surface o f infected leaves with a fine camel hair bmsh. The brush was 

then veiy gently brushed across the leaf surfaces to be inoculated. This method of 

inoculation was prefered to  the use o f a settling tower, since it was more rapid and it 

consistently provided an inoculum density on leaves o f approximately 35 mildew conidia 

per cm-^.
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2.1.3 Induction o f  System ic Protection

Inducing agents were prepared as millimolar solutions in distilled water, containing 0.01% 

(v/v) Tween 20 (BDH Chemicals) to act as a surfactant. Systemic protection was elicited 

by painting the appropriate leaf with the required concentration o f the chemical. As a 

means o f applying inducing treatments, painting was ideal, since it allows a smgie leaf to 

be treated without accidental treatment of other leaves. Systemic protection was elicited 

by treatment o f  the lower leaf in each case unless otherwise stated.

2.1.4 Challenge-Inoculation o f  Systemically Protected Plants

Plants were challenge-inoculated with mildew spores collected as outlined in section 2.1,2. 

The conidia were gently bm shed onto the upper surface o f the leaf immediately after they 

had been gathered as described in section 2.1.2. The stock plants were brushed to remove 

old spores 24 hours prior to them being used for challenge-inoculations, thus ensuring a 

supply o f  young viable spores for use in experimental work. Challenge-inoculation was 

o f  the second leaf, unless otherwise stated.

2.1.5 Assessm ent o f  M ildew Infection

The level o f mildew infection was assessed as a percentage o f the whole leaf area infected 

with powdery mildew mycelium. The assessment was visual using a standard area 

diagram (M AFF, 1988).
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2.1.6 Growth and M aintenance o f  Fungal Cultures

The plant pathogen Crinipellis perniciosa  (cause o f Witches broom disease o f  cocoa) and 

Pyrenophora avenae (cause o f rice blast) were maintained by subcuituring every 14 days 

onto potato dextrose agar plates. Cultures were routinely incubated at 21“C ±  1"C, in the 

dark.

2.1.7 Protein A ssay

The protein content o f plant samples were determined using the metliod developed by 

Lowry et a l ,  (1951).

2.1.7.1 Preparation o f  Protein A ssay Reagents

The following reagents were prepared for use in the assay:

A- 20g anhydrous Na^COg in 1 litre O.IM NaOH

B- 0.5%  (W /V) copper sulphate solution

C- 1.0% (W W ) sodium potassium tartrate solution

D- A preparation o f A:B:C, 48:1:1 was made immediately before use

E- 50%  (V/V) solution foline-ciocalteau reagent

2.1.7.2 Protein A ssay Technique

0.25 ml o f reagent D was added to a 0.25 ml sample o f crude enzyme extract and 

incubated a t room tem perature for 15 minutes. 0.25 ml o f reagent E was added to the
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reaction m ixture, shaken and then incubated for a ftirther 30 minutes, thus allowing the 

colour to develop. Absorbance at 700 nm was recorded on a  Gallenliamp Visi-Spec.

2.2 E xperim enta l M aterials and  M ethods

2.2.1 Screening o f  Various Concentrations o f  Potential Elicitors o f  Systemic

Protection

The initial screening programme was carried out in order to  detenuine the concentration 

o f  each test chemical wliich gave the highest level o f  systemic protection. Each chemical 

was tested a t four concentrations. Plants were grown as described in section 2.1.3, The 

chemicals used and concentrations tested are listed below:

Salicylic acid- 5, 10, 15, 20 mM 

Sodium salicylate- 5, 10, 15, 20 mM 

Acetylsalicylic acid- 5,10,15,20 mM 

Potassium  phosphate- 15, 25, 35, 50 mM 

Methyljasmonate- 5,10,15,20 mM 

Isonicotinic acid- 0.1, 0.2, 0.3, 0.4 mM 

C hitosan-0 .1 , 0.2, 0.3, 0 .4 %

First leaves were treated with the appropriate compound as described in section 2.1.3. 

Controls were treated with distilled water containhig 0.01% Tween 20. The barley plants 

were challenge-inoculated witli mildew conidia 24 hours after treatment as outlined in 

section 2.1.4. The plants were then grown for a  flirther 10 days before mildew infection 

was assessed as described in section 2.1.5.
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2.2.2 Optimal Time Interval Between Inducer Treatment and Challenge-Inoculation

Based upon the results of the initial screening, three compounds were selected for more 

detailed study. It was then essential to establish the optimal time interval between 

treatment o f  the lower leaf with the chemical and challenge-inoculation o f the upper leaf 

with mildew required for maximum protection.

The plants were grown as described in section 2.1.1. The first leaf was painted with the 

appropriate concentration o f  the compoimd as described in section 2.1.3 and challenge- 

inoculated with powdery mildew 1, 2, 3, 4, 7 and 12 days later. The plants were grown 

for a further six days in tlie glasshouse before visually assessing the percentage leaf area 

infected with powdery mildew.

Due to the nature o f the experiment a  separate control was used for each time inteiwal 

studied.

2.2.3 Effect o f  L igh t on Systemic Protecti on

As discussed in section 1.3.4.2 o f the introduction, light plays an important role in the 

synthesis o f metabolites which are subsequently utilised in energy demanding defence 

processes. It was seen as essential therefore to detenuine the effect o f  light on the 

development o f  systemic protection. W ork by Lozano and Sequiera (1970) on tobacco 

indicated that the degree o f protection is directly proportional to the length o f  photoperiod.

Plants were grown as described in section 2.1.1 and were treated with the inducers of 

systemic protection as described above in section 2.2.1. hiducing agents were applied 2
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days prior to inoculation with mildew. At this point they were transferred to growth 

chambers (Conviron) where the photoperiod could be regulated and a temperature o f 22°C 

during the light period and 14'^C during darkness was maintained. Mean irradiation 

tlu-oughout tlie period o f  light was 400 lÂinol m -^s-l The photoperiods examined were 7, 

12, 16 and 20 hours. The plants were grown under these conditions during the period 

between elicitor treatment and challenge-inoculation and then for a further 10 days before 

assessing the percentage o f  tlie leaf area covered by mildew infection.

Due to the nature o f the experiment each photoperiod required a separate control.

2.2.4 Effect o f  Temperature on Systemic Protection

It has been dociunented that induced systemic protection is liighly temperature sensitive 

(Klement and Goodman, 1968). Four temperature regimes were examined. The 

tem peratures o f 10, 17, 22 and 35“C were examined. The plants were grown under these 

conditions from elicitor treatment luitil assessment.

W hen tlie seedlings reached growth stage 13 (Zadoks et al., 1974), first leaves were 

painted with the chemical and the second leaf challenge-inoculated 2 days later with 

mildew conidia. Powdery mildew infection was assessed 10 days later.

Due to the nature o f the experiment, a  separate control was used for each o f the 

tem perature regimes studied.
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2.2.5 Direction o f Signal Movement

It has been widely documented that the signal for the induction o f systemic protection 

moves from the inducer leaf to the upper portion o f the plant via the phloem. Little 

evidence exists for the movement o f  the signal downwards, tlius protectmg the portion of 

the plant below the inducer leaf. It is important, in tenus o f  potential usage in the field, to 

establish whether any downward movement exists.

Seedlmgs were grown as described in section 2.1.1 until they had reached growth stage 31 

(Zadoks et al., 1974) i.e. until they had six fidly developed leaves. At this stage, the three 

upper leaves were painted with the appropriate chemical and 48 hours later the three 

lower leaves were challenge-inoculated with powdery mildew. Mildew infection was 

assessed on the lower three leaves 6 days later. Leaf one was regarded as the lowest leaf, 

leaf two the second lowest and leaf three the tliird lowest. Each leaf was tagged as it was 

treated in order to  avoid possible confiision during the course o f tlie experiment.

2.2.6 Duration o f  Systemic Protection

There are reports that SAR can persist for prolonged periods during the life o f a plant, 

e.g. in cucumber, where SAR to infection by Colletotrichum lagenarium  was shown to 

last for 10 weeks (Dean and Kùc, 1985). Such long-lasting protection against pathogen 

infection would be o f considerable advantage in crop protection programmes. It was 

important therefore to examine the longevity o f systemic protection induced by the agents 

used in this study.
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The plants were grown as described in section 2.1.1 until they reached growth stage 13. 

The leaf which had ju st emerged (leaf 2) was tlren tagged to ensure the correct leaf was 

challenge-inoculated and subsequently assessed. The tagged leaf was challenge-inoculated 

with mildew 48 hours later. 7, 14, 21, 28, 35 and 42 days post challenge-moculation, the 

tagged leaf was visually assessed to determine the level o f mildew infection.

2.2.7 E ffect o f  Delaying Challenge-Inoculation on the M agnitude o f  the Systemic 

Protection Response

It has been reported by Kùc and Co-workers (1977) tliat cucumbers may be challenge- 

inoculated as much as 2 weeks after treatment with the inducing agent and still exhibit 

systemic protection. The ability to obtain systemic protection several weeks after 

treatm ent will be an important factor in determining the efficacy o f an inducing agent in 

the field.

Plants were grown as described in section 2.1.1 until they reached growth stage 13. At 

this stage the first leaf o f each seedling was painted with tlie chemical, and the second leaf 

was then challenged witli mildew at one o f six intervals; 7, 14, 21, 28, 35 and 42 days 

post-treatment. The second leaf, wliich had been tagged, was tlien visually assessed for 

the percentage mildew infection 10 days after challenge-inoculation.

2.2.8 Seed Priming

There have been a limited number o f  reports regarding the possibility o f pre-soaking seeds 

as a  potential method o f inducing systemic protection in plants. I f  this was possible, it 

would provide an easy, convenient method o f inducing systemic protection, without the
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need for aerial application o f sprays. Four chemicals were tested using this method o f 

application: sodium salicylate, metliyljasmonate, potassium phosphate, and chitosan.

Seeds were pre-soalced for vaiying lengths o f time: 5 minutes, 15 minutes, 1 hour, 2 

hours, 3 hours and 6 hours. The treated seeds were then sown as previously described in 

section 2.1.1 and allowed to genniiiate. Once the seedlings had reached growth stage 13, 

the second leaf was challenge-inoculated with mildew and the plants were then grown for 

a  further 10 days before visually assessing the percentage leaf area infected witli powdery 

mildew.

Agam due to the nature o f the experiment it was necessary to employ a set o f controls for 

each o f the time periods examined. In control treatments, seeds were soaked, substituting 

the chemical with distilled water. From this point onwards the control seeds were treated 

in the same way as test seeds.

2.2.9 R oot Drenching

Further investigations were carried out to detenuine whether it would be possible to 

induce systemic protection in barley via the root system, by applying the chemicals as a 

root drench. Plants were grown as described in section 2.1.1 imtil they had reached 

growth stage 13. The seedlings were then given a  100 ml root drench o f  the chemical, 

made up in distilled water. The drench was applied at 5 separate intervals: 5, 4, 3, 2 and 

1 day pre-inoculation o f the first leaf. The plants were assessed 10 days after ehallenge- 

inoculation.
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To examine the possibility that volatile resistance-promoting substances might be released 

from the jasm onate treated soils, plants in untreated soil were placed in the same chamber 

during, and for one hour following, the treatment process. For the purposes o f  tliis text 

these plants will be referred to  as companion plants. They were then inoculated with 

mildew and assessed for mildew infection 10 after challenge-moculation.

Control plants were treated m the same way as test plants, substituting a chemical root 

drench with distilled water. Controls were carried out for each o f  the time intervals 

tested.

2.2.10 D irect Effect o f  Test Compounds on Powdery M ildew D evelopment

Experimental work to date has indicated that the reduction in the level o f  mildew infection 

observed has been due to the priming o f the plants natural defence mechanisms, meaning 

that any subsequent pathogen attack can be dealt with swiftly. It is possible, however, 

that tlie observed reduction in the level of pathogen infection may be due simply to the 

fungitoxic effect o f the chemicals being screened. The three chemicals chosen for detailed 

study were therefore tested for any direct effect on tlie pathogen. The plants were grown 

as described in section 2.1.1 under optimal conditions as determined by the results of 

sections 2.2.3 and 2.2.4. A t growth stage 13 (Zadoks et al., 1974), the plants were 

treated as described below.

71



2.2.10.1 Fmigitoxicitv Test One

The second leaf o f barley seedlings was inoculated with mildew conidia. One day later 

the inoculated seedlings were then sprayed with the appropriate chemical. Mildew 

infection on tliis leaf was recorded 10 days later.

2.2.10.2 Fungitoxicitv Test Two

The second leaves o f barley seedlings were sprayed with the chemical agents and were 

then allowed to dry fully for four hours before they were inoculated with powdery mildew 

as described in section 2.1.4. Ten days post-inoculation powdery mildew infection was 

assessed.

2.2.11 A ntifungal A ctivity o f  Chemical Elicitors

In addition to examining the direct effects o f  the chemicals on mildew development on the 

leaf surface (see section 2.2.10), it was decided to examine the effects o f the compounds 

on the growth o f two plant pathogens in vitro. The pathogens tested were Pyrenophora  

avenae and Crinipellis perniciosa.

Filter-sterillised aqueous solutions (10ml) containing the compounds were added to 140ml 

o f  sterile PDA at 45-47"C to obtain a  final concentration o f between 0.1-50 mM  (see 

Table 4). Control plates contained PDA only. Sterile media (20 ml) containing the 

compound was added aseptically to 90 mm single vent sterile plastic Petri dish. To obtain 

inoculum, a  sterile 9 mm diameter core borer was used to remove plugs o f mycelium from 

the plates o f  stock cultures. The mycelial plugs were inverted and one was placed in the
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centre o f each pétri dish. Inoculated plates were then incubated in the dark a t 22“C and 

colony growth was measured radially, beyond the 9 mm plug o f inoculum, 3 , 6 , 9 , 1 2  and 

15 days after inoculation. Results are the mean o f 5 replicates.

Because o f  its oily nature in water, MJ could not be filter-sterillised. It w as therefore 

prepared using sterilised pipette tips and sterile distilled water, and it was assumed that 

the methyljasmonate was sterile and unable to support the growth o f any microbial 

contaminants.

Final Concentrations o f  Chemicals in Ammended PDA

5 mM  N aSA 0.1 mM MJ 10 mM  PP

10 mM  N aSA 1 mM MJ 25 mM PP

15 mM NaSA 5 mM MJ 35 niM PP

20 mM  N aSA 10 inM  MJ 50 mM PP

Table 4

2.2.12 Effects o f  Chemical Elicitors on Fungal Growth in L iquid  Culture

The results observed in section 2.2.11 were further investigated using potato dextrose 

broth as an alternative to  potato dextrose agar. It is possible that a pathogen growmg on 

an agar plate is able to avoid contact with any potentially fungitoxic amendments by 

growing as a  very fine film across the surface o f the plate, tire result being apparently 

normal growth (Prosser, 1995). It is possible to  overcome this problem by growing the 

fungus in liquid culture on an orbital shaker. The constant motion o f the medium witlrin
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the flask ensures the pathogen is in constant contact with any chemical amendments. Thus 

a more accurate picture o f the effect o f the amendment on the pathogen is achieved. 

Filter-sterillised solutions (10 ml) containing the chemical were added to sterile potato 

dextrose broth (140 ml) in 250 ml flasks to obtain the desired concentration. Each flask 

w as then inoculated with a 9 mm plug of mycelium and placed on a  Gallenkamp orbital 

shaker (100 rpm) a t 22°C and a  mean irradiance o f 150 /Jmol m-^s-b After 14 days, the

fungus was washed in distilled water through a fine mesh sieve and centrifuged at 

16,000g for 15 mill. H ie resulting pellet was then weighed. Methyljasmonate was added 

to the flasks as described below (section 2.2.13).

2.2.13 M ethyljasm onate Vapour as an Elicitor o f  Systemic Protection

There is evidence fiom  earlier research by Farmer and Ryan (1990) that gaseous 

methyljasmonate induced plant defence responses similar to those promoted by insect 

feeding or wounding. This hypothesis was tested in barley by isolating the first leaf from 

the rest o f the plant in a  plastic chamber and exposing it to vapour from either undiluted 

methyljasmonate or vapour from 20niM MJ. A cotton tipped applicator soaked in 

methyljasmonate was sealed in the plastic chamber beside the lower leaf. The exposure 

times tested in this study were 5 iiiiii, 15 iiiiii, 30 niiii, 1 hours and 2 hours. Two days 

post-exposure, the second leaf was challenge-inoculated with mildew conidia. Ten days 

later the second leaf was assessed for tire percentage leaf area covered with powdery 

mildew.

A companion plant was placed at the side o f the plastic chamber to ensure no substantial 

leakage o f  M J was taking place during the exposure times. Thereafter these companion 

plants were treated in the same way as test plants.
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Control plants were treated in the same way, replacing the methyljasmonate soaked cotton 

tipped applicator with one soaked in distilled water. There after they were treated in the 

same way as test plants. A control was used for each of the exposure times.

2.2.14 Optimal Interval Between Exposure to Methyljasmonate Vapour and Challenge- 

inoculation

In order to optimise the exposure time of the plant to methyljasmonate vapour it was 

necessary to determine the optimal interval between vapour treatment and challenge- 

inoculation with mildew. A number of mtervals were examined ranging from a few hours 

to several days.

Plants were grown as described in section 2.2.11, until growth stage 13. The lower leaf 

was exposed to methyljasmonate vapour as described in section 2.2.13, for 30 min. The 

second leaf was then challenge-inoculated at one o f the following eight time inteiwals; 12 

hours, 1 day, 2 days, 3 days, 7 days and 12 days after treatment. Ten days after 

challenge-inoculation tire second leaf was visually assessed to determine the percentage o f 

mildew infection.

Control plants were treated as described in section 2.2.13 and were used for each of the 

eight time intervals tested.

2.2.15 Effect o f  Methyljasmonate Vapour on Germination o f  Mildew Conidia in vitro

Following on from the work in described section 2.2.10, the direct effects of 

methyljasmonate vapour on gennination of mildew conidia were investigated in vitro.
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Tlie following technique was not aseptic and autoclaving was only carried out in order to 

achieve complete solution o f the agar. Tap water agar was made up to 1.2% WA^, 

aiitoclaved, poured into Petri dishes and allowed to set. The plates were then inoculated 

with mildew at approximately 35 spores per cnT. Three replicate plates were used per 

treatment. Open plates were placed inside a  plastic chamber for thirty minutes, along 

witli a cotton tipped applicator wliich had been soaked in either undiluted 

methyljasmonate or a 15mM solution of methyljasmonate. The plates were then 

transferred to an incubator and maintamed at 22®C in the dark. Twenty-four hours later 

the plates were examined using light microscopy (x 100 magnification) to assess the 

percentage germination o f the mildew conidia. Each plate was divided into four sections 

and 100 spores from each quarter counted and tlie number which had germinated was 

recorded.

Control plates were prepared and inoculated in the same way. They were placed in a 

sealed plastic chamber along with a cotton bud which had been soaked in distilled water.

2.2.16 Direct Effect o f  Methyljasmonate Vapour on Mildew Development in vivo

The direct effect on mildew development in vivo from the vapour of both undiluted MJ 

and a 20mM solution was examined. The second leaf of the barley plant was inoculated 

with mildew conidia as described in section 2.1.2. The inoculated leaf was then exposed 

to the vapour from eitiier undiluted MJ or from a 20mM solution by the technique 

described m section 2.2.13, for a 30 minute period. Ten days later the second leaf was 

assessed for the percentage leaf area infected with powdery mildew.
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Control plants were treated in the same way, replacing tlie MJ soaked cotton tipped 

applicator with one soaked in distilled water. Thereafter they were treated in tlie same 

way as test plants.

2.2.17 Effects o f  Precursors o f  Methyljasmonate on Induction o f  Systemic Protection 

Against Powdery Mildew

Two precursors o f methyljasmonate, linoleic and liiiolenic acid, were screened for their 

ability to induce systemic protection agamst barley powdery mildew. The protocol 

followed was that described in section 2.2.1 and four concentrations o f each were tested; 

0.1, 1, 5 and 10 mM Ten days after challenge-inoculation with powdery mildew tlie 

second leaf was visually assessed for tlie percentage leaf area covered with mildew.

Control plants were grown and treated as described, replacmg linoleic acid and linolenic 

acid with distilled water containmg 0.01% Tween 20.

2.2.18 Effects o f  Two Methyljasmonate Precursors on Fungal Growth on Agar Plates

The effects o f two methyljasmonate precursors, linoleic acid and linolenic acid, were 

examined on two plant pathogens, in vitro, on amended PDA plates. The two pathogens 

tested were P. avenae and C. perniciosa.

The method described hi section 2.2.11 was applied throughout.

77



2.2.19 Effects o f  Two Methyljasmonate Precursors on Fungal Growth in Liquid Culture

The effects of the two methyljasmonate precursors linoleic acid and linolenic acid were 

hirther examined on two plant pathogens, in vitro, in PDB. The pathogens tested were P. 

avenae and C. perniciosa.

The method described m section 2.2.15 was applied tliroughout.

2.2.20 Light Microscopy

To hirther examine the effect o f the chemicals on early mildew development, gennling 

growth was examined by light microscopy. Plants were grown as described in section

2.1.1 until they had reached growth stage 13. The first leaf was treated as outlined in 

section 2.2.1 and seventy-two hours after challenge-inoculation the mfected leaf was 

harvested and divided into segments of approximately 2-3 cm. The leaf sections were 

cleared for one hour, longer if  required, at 70”C in an etliaiiol-chloroform {75:25 V/V) 

mixture containing 15% trichloroacetic acid. The clearing solution was changed at 15 

mmute intervals. The cleared leaf sections were then stained in a dye solution which was 

prepared one day prior to use. The dye solution contained one volume 15% 

trichloroacetic acid and one volume 0.6% Coomassie brilliant blue R-250. Young leaves 

were stamed for 15-25 minutes.

Stained preparations were then preserved in a solution of glacial acetic acid-glycerol- 

water (2:20:75 V/V) on slides, covered with cover slips and sealed in place with nail 

polish. If  stored in the dark, these slides remain light stable for at least one year, The 

preparations were then examined under light microscopy (Leitz Dm RB with
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photoautomat, Leica, U.K. to observe changes iii the geimination and fungal development 

brought about by treatment with tlie abiotic agents.

Control plants were grown and treated the same way, replacing chemical treatment with 

distilled water containing 0.01% Tween 20.

2.2.21 Enzyme Activi ty

In order to farther understand the physiological changes in the plant brought about as a 

result o f  treatment with the chemicals three key enzymes associated with disease 

resistance were studied, peroxidase, PAL and lipoxygenase. The plants were grown as 

described in section 2.2.1 and when they reached growth stage 13 the first leaf was treated 

with the appropriate concentration o f the chemical. Tissue from the 1st, 2nd and 3rd 

leaves o f these plants was assayed at i, 2, 3, 4, 7 and 12 days after treatment for 

alterations in enzyme activity. In a further set of experiments, when the appropriate 

period had elapsed following chemical treatment of the first leaf, the second leaf was 

challenge-inoculated witli mildew conidia. The tissue of the first, second and third leaves 

o f these challenged plants were subsequently assayed for alterations in the level of enzyme 

activity following challenge-inoculation of inducer treated plants.

2.2.21.1 PAL Assay

Tliis assay was based on a  metliod described by Southerton and Deverall (1990). A 250 

mg sample of leaf tissue was ground in a cold mortar and pestle containing 2.5 ml sodium 

borate buffer (0.1 M, pH 8.8). A 1,5 ml aliquot of the homogenate was transferred to a 

centrifuge tube and 0.75 ml supplemented borate buffer containing 3 mM {5-
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mercaptoethanol and 3 mM  EDTA was added to the homogenate and mixed thoroughly. 

The tube was then centrifiiged at 20,0OOg for 15 minutes at 4®C. The supernatant was 

used as the enzyme extract and samples were kept on ice at all times.

A  300 jul sample o f leaf extract was incubated at 40 °C with 0.6 ml borate buffer 

containing 0 .6 /tM  L-phenylalanine. A blank with no L-phenylalanine was also prepared. 

After two hours the reaction was stopped by adding 100^1 6M HCl. The product 

(cinnamic acid) was extracted by adding 1.0 ml o f cWorofonn and mixing thorougliiy on a 

vortex mixer. This was then centrifiiged at 1,3OOg for 5 minutes at 4®C. A 0.5 ml aliquot 

was then taken from the lower, chloroform phase. The chloroform was then evaporated 

by blowing nitrogen over the sample and the residue was tlien redissolved in 0.1 ml borate 

buffer (0.1 M , pH 8.8). Absorbance was measured at 270 nm on a Gallenkamp visi-Spec 

spectrophotometer. A standard curve was produced using 0.1-10 fig/ml Cinnamic Acid, 

Enzyme activity is expressed as fig  cinnamic acid/mg protein/liour.

2.2.21.2 Peroxidase Assay

This assay is based on the method described by Southerton and Deverall (1990). A 250 

mg sample o f leaf tissue was ground in a  cold m ortar and pestle witlr 2.5 ml sodium 

borate buffer (O.IM, pH 8.8). A further 0.75 ml sodium borate buffer was added and 

thoroughly mixed with the leaf preparation. A 1.5 ml sample was then transferred to a 

centrifuge tube and centrifuged a t 20,OOg for 15 minutes at 4”C. The supernatant was 

used as the enzyme extract. Samples were kept on ice until required in the assay.

50 ftl o f  the enzyme sample was added to 2.95 ml supplemented phosphate buffer (0. IM, 

pH  7.0) containing 0.9 p M  guiacol and 0.36 /uM hydrogen peroxide. Absorbance at 470
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nm was then recorded for 2 mmutes at 25“C on a Gallenkamp Visi-Spec 

spectrophotometer. Protehi was determined using the assay described in section 2.1.7 of 

the General Materials and Methods (Lowry et a l ,  1951) and was carried out 

simultaneously. Enzyme activity was expressed as the AAbs/mg protein.

2.2.21.3 Lipoxygenase Assav

This assay is based on the method described by Ocampo et a l ,  (1986). Enzyme extracts 

were prepared grinding precooled potassium phosphate buffer (O.IM, containing 1 mM 

EDTA, pH  7.5) with leaf tissue (x ml/ xg) in a precooled mortar and pestle. Samples 

were then centrifuged at 28,000g for 15 minutes at 2“C. The supernatant was used as the 

enzyme extract.

The reaction mixture contained 1 ml citrate phosphate buffer (O.IM, pH 6.2) and lOOjL/1 

substrate solution, prepared using 2.5 mM linoleic acid in 0.05 M phosphate buffer, pH 

9.0, containing 0.025 % Tween 20. The reaction was initiated by the addition o f 20 jU\ of 

enzyme extract and the reaction was followed for 15 mmutes at 234 nm usmg a 

Galleiil<amp Visi- Spec spectrophotometer. Enzyme activity was expressed as AAbs/mg 

protein.

2.2.22 Growth Analysis o f  Plants Treated With Chemical Inducers o f  Systemic 

Protection

To ftirther investigate tlie changes in host physiology following treatment with the abiotic 

inducing agents, a plant growth analysis was undertaken. Plants were grown as described 

in section 2.1.1 until growth stage 13 was reached. At this point, plants were treated with
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the inducer o f systemic protection by painting the tliree lower leaves with the appropriate 

chemical. Ten plants per treatment were harvested at weekly intervals for a period of 

eight weeks, hi further studies plants were challenge-inoculated with mildew at tlie 

appropriate period after inducer treatment. Plants were assessed at weekly intervals 

following challenge-inoculation, for a period of eight weeks. Plant material was washed 

with water to remove extraneous matter and separated into roots and shoots. Wet plant 

material was blotted dry with absorbent tissue and weighed immediately. It was essential 

that this element of the growth analysis was carried out immediately after haiwest, since 

any delay would result in moisture loss.

The total leaf area o f each plant was measured in cmb using a leaf area meter (Delta 

Devices, U.K.). Plant material was then put into separate paper bags, labelled and oven 

dried at 95°C for two days. The plant material was then re-weighed and the dry weight 

was recorded in milligrams.

From the above measurements it was then possible to calculate the following:

A- FW/W ratio

B- Root/Shoot ratio (Ratio of root dry weight to shoot dry weight)

C- Relative growth rate (R.G.R)- An expression of growth efficiency

R .G .R -  In (W>2-ln fW li 

T 2-T 1

This is measured in mg mg-^day-‘.

(W)2  and (W)i correspond to total diy weights at the tunes T 1 and T 2 .
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D- Net Assimilation Rate (N.A.R.)- An expression of leaf efficiency

N.A.R.= rWT-(W)i X In fLak - In (La).

LarLai H-T,

=mg cm-^day-*

E- Leaf Area Ratio (L.A.R.)- An expression of the leafmess of the plant

L.A.R.= Specific Leaf Area x Leaf Weight Ratio 

= i  (Lâ}Lx(La)2

2 (W)i (W)2

-  cm-hng-‘

F- Specific Leaf Area (S.L.A.)- An expression of leaf density

S.L.A. =^(La)

(W) Leaf

G- Leaf Weight Ratio (L.W.R.)- An expression of productive investment

L.W.R.= (W )Leaf

(W) Total Plant
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2.2.23 Field trials

Spring barley (cv. Golf) was sown at 12 cm row spacing with a seed rate o f 190 kg ha-b 

Seed was sown in plots (4.0 m x 2.0 m) in a randomised block design with four replicates. 

Plots were sprayed twice, at the first sign of mildew or at GS 31 (first node detectable) 

and again at GS 45 (boots swollen). The following treatments were used:

1- Control- These plots were left unsprayed.

2- Folicur (Bayer)- Containing tebuconazole at 250 g/1. This is a systemic conazole 

fungicide applied at the rate o f 1 1 ha-b

3- Corbel (BASF)- Containing fenpropiomorph at 750 g/1. Tliis is a contact and systemic 

moipholine fungicide. It was applied at tlie normal field rate of 1 1 ha-b

4- Radar (Zenica)- Contahiing propiconizole at 250 g/1. Radar is a systemic, curative and 

protectant conazole fungicide. This was applied at the iioniial field rate o f 0.5 1 ha-b

5- Sodium salicylate- Unfomiulated, 2.4 g in 1 I distilled water containmg 0.5 % (v/v) 

Agral 90 (Zenica).

6- Methyljasmonate -Unformulated 2.06 ml in 1 1 distilled water containing 0.5 % (v/v) 

Agral 90.

7- Potassium phosphate- Unformulated 7.42 g in I 1 of distilled water containing 0.5 % 

(v/v) Agral 90.

Chemicals were applied using an Azo compressed air sprayer with delivery rate of 1 1 in 

20 seconds and a spray boom width of 1.8 M.

Ten plants per plot were assessed for the percentage mildew infection 7 and 14 days after 

each spray. Following the first spray the third leaf was assessed. After the second spray 

the flag leaf was assessed. At the end o f the trial, plants were harvested and
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measurements made of grain weight. Data was analysed statistically using analysis of

vanance.
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3. RESULTS



3 R ESU LTS

3.1 General Screening

3.1.1 Screening o f  Chemical Elicitors

Screening a number o f chemicals at a range of concentrations to determine the most 

effective elicitors o f resistance showed that all concentrations of all the chemicals reduced 

powdery mildew infection (figs 3-9). The largest reductions in mildew were found on 

those plants treated with 15mM NaSA, 25mM PP and 20mM MJ. Aralysis o f variance 

showed significant differences between treatments and controls.

3.1.2 Optimal Lag Period

All time intervals screened as potential lag periods between elicitor treatement and 

challenge-inoculation gave significant reductions m the level o f mildew infection observed 

(fig 10). Two factor analysis o f variance highlighted significant differences between 

treatments and controls (fig 10). The largest reductions were found when there was a 48 

hour lag between elicitor treatment o f the lower leaf and challenge-inoculation of tlie 

second leaf.
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3.J.3 Optimal Temperature Regime and Effect o f  Photoperiod on Development o f  

Induced Resistance

Experiments to investigate the effect of daylength on the development o f acquired 

resistance inducated that a 16 hour photoperiod allowed optimal development of 

resistance. This is reflected in the largest decrease in mildew development (fig 11). Two 

factor analysis of variance showed significant differences between treatments and control. 

Studies examining the influence o f temperature on the development o f  induced resistance 

showed tliat TFC  gave the highest levels of systemic protection (fig 12). Two factor 

analysis o f variance liighlighted significant differences between treatments and the 

controls.

3.1.4 Durati on o f  Induced Resistance

A tailing o ff in the level o f protection elicited was obseiwed as the period o f time between 

elicitor treatment and challenge-inoculation was increased. The level of protection 

obseiwed when a  period o f 42 days had elapsed between treatment and challenge- 

inoculation was still statistically significant in plants treated with 15mM NaSA or 25mM 

(fig 13). Plants treated with 20mM MJ no longer gave significant reductions m mildew 

control after day 35.

3.1.5 Direction o f  Signal Movement

It is possible to afford a degree of protection to the area below the inducer leaf o f elicitor 

treated plants. Thus, all 3 treatments, 15mM NaSA, 25mM PP and 20mM MJ gave
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small, but significant reductions in tlie level o f mildew recorded below the inducer leaf 

(fig 15). The largest reduction was observed in plants treated with 20mM MJ.

3.1.6 Seed Treatment and Root Drenches as Methods o f  Inducing Resistance

Immersion o f barley seed in a range of chemicals wliich elicit resistance in leaves 

provided variable results. At no treatment time did 15mM NaSA elicit resistance (fig 17). 

20mM MJ and 0.1% Ch, at both 5 and 15 minute treatment times, gave significant 

reductions in mildew development (fig 16). After tliis time no chemical elicited resistance. 

Increasing treatment times to 180 and 360 minutes leads to an increase in mildew 

development on the second leaf. After calculation o f the standard errors and examination 

o f the results no fiirther statistical analysis was performed on these data.

3.1.7 Fungitoxicity Screening

Wlien the fungitoxicity o f the three treatments, 15mM NaSA, 25iiiM PP and 20niM MJ, 

was tested using the spray/dry/inoculate technique, there were very large reductions m the 

level o f powdery mildew infection observed (fig 18). When the inoculate/spray technique 

was used all chemicals provided significant reductions in mildew development altliough 

the reductions observed for 20mM NaSA and 25mM PP with tliis teclmique were much 

smaller than observed with spray/dry/inoculate teclmique (fig 18). MJ gave reductions of 

a similar magnitude with both teclmiques.
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3.1,8 Effect of Abiotic Elicitors In Vitro

A range o f concentrations of NaSA, PP and MJ were all shown to significantly reduce the 

radial growth o f P. avenae and C. perniciosa grown on amended agar plates (fig 20-25). 

With each o f the three chemicals examined the lowest concentration had the least effect on 

pathogen growth and the highest concentration the most inliibitory effect on growth (figs 

20-25). The largest reduction in growth, for both pathogens, was observed on plates 

amended with 50mM PP (fig 22-23). On these plates no growth was observed for 9 days 

after inoculation o f the plate. 50mM PP reduced radial growth o f P. avenae by 85% and 

C. perniciosa  by 83%. The same range of chemicals also gave significant reductions in 

biomass production o f P. avenae and C. perniciosa in amended potato dextrose broth (fig 

25-26). Only the lowest concentration of each chemical, 5mM NaSA, lOmM PP and 

5mM MJ, supported patliogen growth. The level of growth observed at these three 

concentrations was significantly lower than the control. All higher concentrations 

inliibited growth completely (fig 25-26),
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FIG U RE 3. Effect o f treating tlie lower leaf of barley with various concentrations of 

tlie chemical Salicylic Acid on the development o f systemic resistance in the second 

leaf following challenge-inoculation. Results shown are for the final assessment 10 

days post challenge-inoculation. Figures are the means of 10 replicates. Vertical bars 

represent the standard errors.

FIG URE 4. Effect o f treating the lower leaf of barley with various concentrations o f 

the chemical Sodium Salicylate on the development o f systemic resistance in tlie 

second leaf following challenge-inoculation. Results shown are for the final 

assessment 10 days post challenge-inoculation. Figures are the means o f 10 replicates. 

Vertical bars represent tlie standard error.

FIGURE 5. Effect of treating the lower leaf o f barley with various concentrations o f 

tlie chemical Potassium Phosphate on the development o f systemic resistance in the 

second leaf following cWIenge-inoculation. Results shown are for the final 

assessment 10 days post challenge-inoculation. Figures are the means o f 10 replicates. 

Vertical bars represent standard error.

90



6 5  p  
BO - 
75  -  

70 - 
65   ̂
60 r  
55  - 
50 '  
45  - 
4 0  - 
35  -  
30  - 
2S - 
20  -

10

5 SAC o m 10 SA IS  S A 20  SA
T rc a lin e n l  (mM)

as

75  '  

7 0  - 
6 5  -  
6 0  - 
55 - 
SO - 
4 5  - 
4 0  - 
3 5  - 
3 0  -  
2 5  - 
20  -

10 N aS A
T re a tm e n t (mM)

65
80
75
70
65
60
55
50
45
40
35
3 0
25

15

10 P P 50 P P2 5  P P 35  P P
T re a tm e n t (mM)

91



FIG U R E 6. Effect o f treating the lower leaf of barley with various concentrations of 

Methyljasmonate on the development o f systemic resistance in the second leaf 

following challenge-inoculation. Results shown are for the final assessment 10 days 

post challenge-inoculation. Figures are the means o f  10 replicates. Vertical bars 

represent tire standard error.

FIG U R E 7. Effect o f treating the lower leaf of barley with various concentrations o f 

Isonicotinic acid on the development o f systemic resistance in the second leaf 

following challenge-inoculation. Results shown are for tlie final assessment 10 days 

post challenge-inoculation. Figures are the means o f 10 replicates. Vertical bars 

represent standard errors.

FIG U R E 8. Effect o f treating the lower leaf of barley with various concentrations o f 

Acetylsalicylic acid on tlie development of systemic resistance in the second leaf 

following clrallenge-inoculation. Results shown are for the final assessment 10 days 

post challenge-inoculation. Figures are tire means of 10 replicates. Vertical bars 

represent standard errors.
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FIG U R E 9. Effect o f treating the lower leaf of barley with various concentrations o f 

Chitosan on the development o f systemic resistance in the second leaf following 

challenge-inoculation. Results shown are for the final assessment 10 days post 

challenge-inoculation. Figures are the means of 10 replicates. Vertical bars represent 

the standard error.
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FIG U RE 10. Effect of varying tlie time interval between treatment with abiotic 

elicitors and challenge-inoculation of the second leaf on tire development o f SAR on 

the second leaf. Results shown are for tire final assessment of leaves 10 days post 

challenge-inoculation. Figures are the means of 10 replicates. Standard error of the 

difference from tire control at P <  0.05, Sed (d.f=  36)±  1.023
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FIG URE 11. Effect o f varying the photoperiod on the development o f  SAR in barley. 

Results shown are for the final assessment 10 days post challenge- inoculation. 

Figures are the means of 10 replicates. Standard error o f the differences for the 

interaction at P <0.05, Sed, interaction (d.f. = 9, 144)±1.496

FIG U RE 12. Effect of varying growth temperature on the development o f  SAR. 

Results shown are for the final assessment of leaves 10 days post challenge- 

inocuation. Figures are the means of 10 replicates. Standard error of the differences 

for the interaction at P<0.05, Sed, interaction (d.f. =9, 144)± 1.2229
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FIGURE 13. Effect of prolonging tire time interval between elicitor treatment and 

challenge- inoculation on the subsequent development o f SAR. Results are shown for 

the final assessment o f tire second leaf 10 days post challenge- inoculation. Figures 

are tire means of 10 replicates. Standard error o f the differences at P<0.05. Sed, 

interaction (d.f. = 4,27)± 1.48

FIGURE 14. Duration one elicitor treatment of the lower leaf remains effective at 

eliciting a systemic resistance response in the second leaf. Results shown are for the 

final assessment o f leaves 10 days post challenge-inoculation. Figures are the means 

of 10 replicates. Standard error o f tire differences at P <  0.05, Sed, interaction (d.f. ~  

5,39)±2.26
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FIG U R E 15. Effect o f treating the three upper leaves o f a plant with leaves on the 

development of SAR in the lower three leaves. Results are shown for the final 

assessment o f die lower diree leaves 10 days post challenge-inoculation. Figures are 

the means of 10 replicates. Standard error of the differences for the interaction at 

P<0.05, Sed, interaction (d.f. 6,108)±1.494
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FIGURE 16. Effect o f  priming seed in elicitors of resistance for varying time periods 

on tiie development of systemic resistance in the germinated plant. Results shown are 

for the final assessment o f leaves 10 days post challenge-inoculation. Vertical bars 

represent standard errors of the mean of 10 replicates.

FIGURE 17. Effect o f applying the elicitors as root drenches at various stages pre- 

and post-inoculation on tireir ability to induce systemic resistance. Results shown are 

for the final assessment o f leaves 10 days post challenge-inoculation. Vertical bar 

represents standard errors of the mean of 10 replicates.
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FIG U R E 18. Direct effect o f the abiotic inducing agents on powdery mildew 

development treatments applied using two methods; S/D/1- Spray/ Dry/ Inoculate, Ï/S- 

Incculate/ Spray. Results shown are for the final assessment o f leaves 10 days after 

spraying. Figures are the mean of 10 replicates. Standard error of tire differences for 

tire interaction at P <  0.05, Sed, Interaction (d.f.3,72)±0.095
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FIGURE 19. Effect of amending potato dextrose agar witii various concentrations o f 

the abiotic inducing agent NaSA on, in vitro, radial growth of the pathogen P. avm ae. 

Results shown are for tlie radial growth measured at 3 day intervals over a  period o f 

12 days. Figures are tlie mean of 9 replicates. Standard error of the differences from 

tlie control at P<0.05, Sed (d.f. ~ 8) ±0.058

FIGURE 20. Effect o f amending potato dextrose agar witli various concentrations o f 

tiie abiotic inducing agent NaSA on, in vitro, radial growth of the pathogen C. 

perniciosa. Results shown are for tlie radial growth measured at 3 day uitervals over a 

period of 12 days. Figures are the means of 9 replicates. Standard error o f tlie 

difference from tlie control at P<0.05, Sed (d.f. = 8) ±  0.058
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FIGURE 21. Effect of amending potato dextrose agar with various concentrations of 

the abiotic inducing agent PP on, in vitro, radial growth of the pathogen P. avenae. 

Results are shown for the radial growth measured at 3 day intervals over a period of 

12 days. Figures are tire means of 9 replicates. Standard error of the differences from 

the control at P<0.05, Sed (d.f = 8)± 0.058

FIGURE 22. Effect of amending potato dextrose agar with various concentrations of 

tlie abiotic inducing agent PP on , in vitro, radial growtii o f the pathogen C. 

perniciosa. Results shown are for the radial growth measured at 3 day intervals over a 

period of 12 days. Figures are the means of 9 replicates. Standard error o f the 

difference J&om the control at P <0.05, Sed(d.f. = 8)± 0.40
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FIG U R E  23. Effect o f  amending potato dextrose agar with various concentrations o f 

the abiotic inducing agent MJ on, in vitro, radial growtli o f tiie pathogen P.avenae. 

Results shown are for tlie radial growth measured at 3 day intervals over a  period o f 

12 days. Figures are tire means of 9 replicates. Standard error o f the difference from 

tlie control at P<0.05, Sed (d.f. = 8)±0.040

FIG U R E 24. Effect o f amending potato dextrose agar with various concentrations o f 

die abiotic inducing agent MJ on, in vitro, radial growtlr o f the pathogen C  

perniciosa. Results are shown for tlie radial growth measured a t 3 day intervals over a 

period o f 12 days. Figures are tlie means of 9 replicates. Standard error o f the 

difference from tlie control at P<0.05, Sed (d.f = 8)±0.040
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3.2 Effect o f  Methyljasmonate Vapour

M ethyljasmonate vapour was examined as a potential elicitor o f  systemic resistance. 

Both the vapour from a 20mM  solution o f  M J and the vapour from undiluted MJ 

significantly reduced powdery mildew infection (fig 27). Both treatments gave the largest 

reductions following a 30 minute exposure time, although tlie reduction obtained with the 

undiluted vapour was the highest (93%) (Fig 27). All time intervals examined between 

exposure to M J vapour and challenge-inoculation yielded significant reductions in the 

level o f  powdery mildew observed (60- 94%) (fig 28). The largest reduction in powdery 

mildew infection (94% ) was found in plants treated with undiluted MJ and was found if  1 

day w as left between treatment and challenge-inoculation (Fig 28). Exposure o f E. 

gram inis  conidia on the leaf surface, to vapour o f either a  2 OmM solution o f MJ or to the 

vapour from undiluted M J gave significant reductions in the development o f powdery 

mildew (Fig 29). The largest reductions were obtained with exposure to vapour jfrom 

undiluted M J, (62%). Exposure to E. graminis conidia, in vitro, on tap water agar plates, 

to the vapour from either 20mM  M J or from undiluted MJ, led to significant reduction in 

spore geim ination (fig 30). Reductions o f 44%  and 70%, respectively, were observed.

3,3 Effect of Two Methyljasmonate Precursors

3.3.1 Screeing o fL ino le ic  and  Linolenic A cid

Linoleic acid, a  precursor o f MJ, gave no significant reductions in mildew development 

when examined as a  potential elicitor o f systemic resistance (fig 31). Linolenic acid, also 

a precursor o f  M J, gave significant reductions in mildew development when examined as 

a  potential elicitor o f  systemic resistance (fig 32). Reductions in mildew infection o f  up to
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90%  were observed, A range o f  concentrations o f Linoleic and Linolenic acid were all 

found to significantly reduce the radial growth o f the pathogens P. avenae and C. 

pern iciosa  grown on amended PDA plates (fig 33-36). W ith both chemicals the highest 

concentrations exhibited the largest inliibitory effect and the lowest concentration had 

least effect on growth. The same range o f chemicals also gave significant reductions in 

the growtli o f  P. avenae and C. perniciosa  in amended PDB (fig 37-40). Only the lowest 

concentrations used, 0.1 mM  Linoleic Acid and 0.1 mM Linolenic acid, supported 

pathogen growth. N o growth was recorded in any o f  the liigher concentrations examined 

(fig 37-40).
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FIG U R E 25. Effect of amending potato dextrose broth the abiotic inducing agents 

5mM NaSA lOmM PP or 5mM MJ on biomass productivity o f the pathogen P. 

avenae. Results are shown for the weight of growtli measured 10 days after 

inoculation o f tlie broth. Figures are the means of 9 replicates. Standard error o f  the 

differences from tlie control at P <0.05 Sed (d.f. = 2)±0.027

FIG U RE 26. Effect of amending potato dextrose brotli the abiotic inducing agents 

SmM NaSA, iOmfvî PP or 5imvl M l on biomass productivity- o f  the pathogen C. 

perniciosa. Results are shown for the weight o f  growth measured 10 days after 

inoculation o f tlie broth. Figures are the means o f 9 replicates. Standard error o f the 

differences from the control at P <0.05, Sed (d.f. = 2)±0.027
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FIGURE 27. Effect o f exposing tlie lower leaf of barley to the vapour from undiluted 

MJ for various time intervals on tire development of SAR in the second leaf. Results 

are shown for tlie final assessment o f leaves 10 days post challenge-inoculation. 

Figures are the means o f 10 replicates. Standard error of the difference for the 

interaction at P <0.05, Sed (d .f  8, 135)±2.04

FIGURE 28. Effect o f  varying the time interval between treatment of the lower leaf 

with MJ vapour and subsequent challenge-inoculation o f the lower leaf o f barley on 

die development o f SAR m the second leaf. Results are shown for tlie final 

assessment of the leaves 10 days post challenge-inoculation. Figures are the means of 

10 replicates. Standard error of the differences for the interaction at P<0.05, Sed, 

interaction (d.f. 5,89)±  1.64
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FIGURE 29. Effect of directly exposing E. graminis conidia on tlie leaf surface of 

barley to the vapour of either 20mM MJ solution or the vapour from undiluted MJ 

vapour on the development o f powdery mildew. Results are shown for the final 

assessment of leaves 10 days after exposure to the vapour. Figures are the means of 

10 replicates. Standard error of the differences from tlie control at £<0.05, Sed(d.f. 

-9)±1.67

FIGURE 30. Effect of exposing £  grominis conidia, in v/tro, to either vapour jfiom a 

15inM solution of MJ or from undiluted MJ, on tiie germination o f the conidia. 

Results shown are for tlie percentage germination 24 hours after exposure to the 

vapour. Figures are the means of 12 replicates. Standard error of the difference from 

the control at £<0.05. Sed (d.f. = 11) ±1.04
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FIG U R E 31. Effect o f applying various concentrations of Linoleic acid, a precursor 

of MJ, to die lower leaf o f barley on the development o f SAR in the second leaf. 

Results shown are for the final assessment 10 days post-challenge-inocuiation. 

Figures are tlie means of 10 replicates. Standard error o f the differences for the 

interaction at P<0.05. Sed (d.f. 6J08)± 2 .56

FIG U RE 32. Effect o f applying various concentrations o f Linolenic acid, a precursor 

o f MJ, on tlie development o f SAR in the second leaf. Results are shown for the final 

assessment 10 days post challenge-inoculation. Figures are the means o f 10 replicates. 

Vertical bar represents the standard error of the differences for the interaction at 

P<0.05. Sed (d.f. 6J08)±2 .56
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FIG U R E 33. Effect o f amending potato dextrose agar with various concentrations of 

the abiotic inducing agent Linoleic acid on tire radial growth, in vitro, o f  the pathogen 

P.avenae. Results shown are for the radial growth measured at 3 day intervals over a 

period o f 12 days. Figures are the means of 9 replicates. Vertical bar represents the 

standard error of the differences from tlie control at P<0.05. Sed (d.f.8)±0.027

FIGURE 34. Effect o f  amending potato dextrose agar with various concentrations o f 

the abiotic inducing agent Linoleic acid on the radial growth, in vitro, o f  the pathogen 

C. perniciosa. Results are shown for the radial growth measured at 3 day intervals 

over a period o f 12 days. Figures are the means o f 9 replicates. Standard error o f the 

differences from the control at P <0.05. Sed (d.f. 8)±0.027
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F IG U R E  35. Effect of aimending potato dextrose agar with various concentrations o f  

tlie abiotic inducing agent linolenic acid on the radial growth, in vitro, o f  the pathogen 

P. avenae. Results shown are for the radial growth measured at three day intervals 

over a period of 12 days. Figures are the means of 9 replicates. Standard error of the 

differences from the control at P<0.05. Sed(d.f 8)±0.028

FIG U R E 36. Effect of amending potato dextrose agar with various concentrations o f 

the abiotic inducing agent linolenic acid on the radial growth, in vitro, o f the pathogen 

C. perniciosa. Results are shown for tlie radial growth measured at 3 day intervals 

over a period o f 12 days. Figures are tire means o f 9 replicates. Standard error o f the 

differences from the control at P<0.05. Sed (d.f = 8)±0.028
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FIG U R E  37. Effect o f amending potato dextrose brotli with various concentrations of 

Linoleic acid on the biomass productivity of tlie pathogen P. avenae. Results are 

shown for the weight of growth measured 10 days after inoculation o f tlie broth. 

Figures are the means of 9 replicates. Standard error of the differences from the 

control at P <0.05. Sed (d.f. = 8)±0.027

FIG U R E  38. Effect of amending potato dextrose broth with various concentrations o f 

Linoleic acid on biomass productivity o f the pathogen C. perniciosa. Results are 

shown for tlie weight of growth measured 10 days after inoculation of tlie brotli. 

Figures are tlie means of 9 replicates. Standard error o f tlie differences from the 

control a tP <0 .05 . Sed (d.f. = 8)±0.027
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FIG U R E 39. Effect o f amending potato dextrose broth with various concentrations o f 

the abiotic inducing agent Linolenic acid on tlie growth, in vitro^ o f the pathogen P. 

avenae. Results are shown for the weight o f growth measured 10 days after 

inoculation o f the brotli. Figures are the means of 9 replicates. Standard error o f die 

differences from tlie control at P<0.05. Sed (d.f. = 8)±0.027

FIG URE 40. Effect o f amending potato dextrose broth with various concentrations o f 

tlie abiotic inducing agent Linolenic acid on tlie growth, in vitro, ox the pathogen C. 

pernod osa. Results are shown for the weight of growth measured 10 days after 

inoculation of tlie brotli. Figures are the means o f 9 replicates. Standard error o f  the 

differences from the control at P<0.05. Sed (d.f. = 8)±0.027
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3.4 Growth Analysis

3.4.1 Dry Weights

Growth analysis was performed on plants treated with elicitors, and plants treated with 

elicitors o f resistance and then challenge-inociilated with mildew, over an eight week 

period. In the expermient the lower leaf was treated with the eiicitor and the upper leaf 

challenge-inoculated 2days later, hi all treatments tiiere was a steady increase in the 

shoot dry weight over the experiment period (fig 41). Plants treated with 25mM PP 

consistently produced the liighest dry weights. Plants treated with 15mM NaSA or 

20mM MJ followed tlie growth curve of the control more closely, but were consistently 

heavier tliroiighout the trial. Plants treated with elicitors of resistance and then challenge- 

inoculated showed a steady increase in shoot weight over the eight week period (fig 42). 

Plants treated with 25mM PP yeilded the highest dry weight. Weeks 1 and 2 were the 

only points where the dry weights for the other 2 treatments, l5mM NaSA and 20mM 

MJ, were lower than the control (fig 42).

There was a steady increase in root dry weight for plants in all treatments over the 

experhnental period (fig 43). With the exception o f week 6, plants treated with 25mM PP 

had slightly higher root dry weights than the control. Root dry weights for plants treated 

with 15mM NaSA and 20mM MJ were little dififerent from the control values over tlie 8 

week period. For plants treated with elicitors and then challenge-inoculated with mildew, 

root dry weight increased steadily in all treatments over the experimental period. No 

differences were observed between the control and any of the treatments (fig 44).
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3.4.2 Leaf Area

Analysis o f growth, over an 8 week period, of plants treated with elicitors of resistance 

showed a steady increase in leaf area (fig 45). Leaf area of plants treated with 15mM 

NaSA and 25mM PP were similar to control plants over the experimental period. Leaf 

area o f methyljasmonate treated plants was similar to the control for the first three weeks 

o f the experiment but were siibstantialy reduced thereafter (fig 45). Leaf area of plants 

treated with abiotic elicitors o f resistance tlren challenge-inoculated showed a steady 

increase over the period of tlie study. Leaf area o f plants treated with NaSA and PP were 

similar to the control, but after week 2, leaf area o f plants treated with MJ were 

substantially reduced compared to the control (fig 46).

3.4.3 L e a f Weight Ratio

Leaf weight ratios (LWR) of plants treated with abiotic elicitors of resistance increased 

slightly at several points over the experimental period (fig 47). Thus, with the exception 

o f 15mM NaSA at week 1, 25mM PP at week 1 and 3 and 20mM MJ at week 5, eiicitor 

treated plants had iiigher LWRs than control plants (fig 47). LWRx o f plants treated with 

abiotic elicitors o f resistance then challenge-inoculated fluctuated a great deal throughout 

the period of the study (fig 48). Consistency was observed however hi the LWR of plants 

treated with MJ and then challenge-inoculated. However, LWR was greater m treated 

plants compared to controls from week 2 onwards (fig 48).
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3.4.4 L e a f Area Ratio

L eaf area Ratios (LAR) o f ail plants receiving eiicitor treatment were reduced compared 

to the control (fig 49). The greatest reduction in LAR was obtained with MJ treated 

plants, where LAR was reduced by approximately 35% compared to the control by the 

end o f tlie experiment (fig 49). In plants treated with MJ and then challenge-inoculated, 

LARs were considerably lower than in the controls throughout the expeiiment (fig 50), 

with smaller reductions in LAR being obseiwed with other treatments (fig 50).

3.4.5 Specific L e a f Area

Specific leaf area (SLA) o f all plants receiving treatments were reduced compared witli 

the control (fig 51), although those reductions were very small in plants treated witli 

NaSA, fi'oni week 4 onwards. Treatment with MJ led to the greatest reduction in SLA 

(fig 51). hi plants treated with NaSA and PP, SLAs fluctuated considerably over the 

experimental period, where m plants treated with MJ, SLA was consistently and 

substantially lower than control values throughout the experiment (fig 52).

3.4.6 Relative Growth Rate

In all treatments relative growth rate (RGR) declined throughout the course o f the 

experiment. Differences between the control and treatments was small and not consistent 

over the 8 week period (fig 53). A similar pattern was observed for plants treated with 

elicitors and then challenge-inoculated, although RGRs were substantially reduced 

between weeks 2 and 3 in plants treated with MJ and PP (fig 54).
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3.4.7 N et Assimilation Rate

Net assimilation rate (NAR) declined m all plants over the experimental period (figs 55- 

56). Any differences between the control and treatments were small and inconsistant over 

the 8 week period (figs 55-56).
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FIGURE 41. Efifect o f treating tlie lower leaf o f barley with abiotic elicitors o f 

systemic resistance on tlie growtli functions of the plants. Results are shown for the 

dry weight of the shoots measured at 7 day intervals over a period o f  8 weeks. Figures 

are tlie means of 10 replicates.

FIGU RE 42. Effect of treating the lower leaf o f barley with abiotic elicitors o f 

systemic resistance, followed 2 days later by challenge-inoculation of the upper leaf, 

on die growth functions o f the plants. Results are shown for the dry weight o f  the 

shoots measured at 7 day intervals over a period of 8 weeks. Figures are the means of 

10 replicates.
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FIG U R E  43. Effect o f treating the lower leaf o f  barley with abiotic elicitors o f 

systemic resistance on tlie growth functions o f tlie plants. Results are shown for the 

dry weight o f  the roots measured at 7 day intervals over a period o f 8 weeks. Figures 

are the means o f  10 replicates.

F IG U R E  44. Effect o f  treating tlie lower leaf o f  barley w ith abiotic elicitors o f 

systemic resistance, followed 2 days later by challenge-inoculation o f the upper leaf, 

on tlie growth hinctions o f tlie plants. Results are shown for the dry w eight o f  the 

roots m easured a t 7 day intervals over a  period o f  8 weeks. Figures are the m eans o f 

10 replicates.
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F IG U R E  45. Effect o f  treating the lower leaf o f barley with abiotic elicitors o f 

systemic resistance on tlie growth functions of the plants. Results are shown for the 

leaf area (cm-^) measured at 7 day mtervals over a period o f 8 weeks. Figures are the 

means o f  10 replicates.

F IG U R E  46. Effect o f  treating the lower leaf o f  barley w ith abiotic elicitors o f 

systemic resistance, followed 2 days later by challenge-inoculation o f  the upper leaf, 

on the growtli functions o f  the plants. Results are shown for the leaf area (cm-^) 

measured a t 7 day intervals over a  period o f 8 weeks. Figures are the means o f 10 

replicates.
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F IG U R E  47. Effect o f  treating the lower leaf o f barley with abiotic elicitors o f 

systemic resistance on tlie growth functions o f the plants. Results shown are for the 

leaf weight ratio m easured over a period of 8 weeks. Figures are the means o f  10 

replicates.

F IG U R E  48. Effect o f treating tlie lower leaf o f  barley w ith abiotic elicitors o f 

systemic resistance, followed 2 days later by cliaUenge-inoculation o f  the upper leaf, 

on the growth fiinctions o f tlie plants. Results shown are for tlie leaf weight ratio 

measured over a period o f 8 weeks. Figures are the means o f  10 replicates.
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F IG U R E  49. Effect o f treating the lower leaf o f  barley with abiotic elicitors o f 

systemic resistance on tlie growtli fiinctions o f tlie plants. Results shown are for the 

leaf area ratios measured over a period of 8 weeks. Figures are tlie means o f  10 

replicates.

FIG U R E 50. Effect o f  treating the lower leaf o f  barley with abiotic elicitors o f 

systemic resistance, followed 2 days later by chalienge-inocnlation o f the upper leaf, 

on die growth fiinctions o f tlie plants. Results shown are for the lea f area ratios 

measured over a  period o f 8 weeks. Figures are the means o f  10 replicates.
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F IG U R E  51. Effect o f treating tlie lower leaf of barley with abiotic elicitors o f 

resistance on tlie growth functions o f  the plants. Results shown are for tlie specific 

leaf area measured over a period o f 8 weeks. Figures are tlie means o f 10 replicates.

F IG U R E  52. Effect o f treating the lower leaf o f  barley with abiotic elicitors o f 

resistance, followed 2 days later by challenge-inoculation, on the growth functions o f 

tlie plants. Results shown are for the specific leaf area measured over a period o f  8 

weeks. Figures are the means o f 10 replicates.
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FIG U R E  53. Effect o f treating the lower leaf o f  barley with abiotic elicitors o f  

resistance on the growth finictiotis o f the plants. Results shown are for the relative 

growth rate measured over a period o f 8 weeks. Figures are the means o f  10 

replicates.

F IG U R E  54. Effect o f treating the lower leaf o f  barley with abiotic elicitors o f  

resistance, followed 2 days later by challenge-inoculation, on the grow th functions o f 

tlie plants. Results shown are for the relative growth rate m easured over a period o f  8 

weeks. Figures are the means o f 10 replicates.
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FIG U R E  55. Effect o f treating tlie lower leaf o f barley with abiotic elicitors o f 

systemic resistance on tire growtli functions o f the plants. Results shown are for the 

net assimilation rate measured over a period o f 8 weeks. Figures are the means o f  10 

replicates.

FIG U R E 56. Effect o f  treating the lower leaf o f barley with abiotic elicitors o f  

systemic resistance, followed 2 days later by challenge-moculation o f txie upper l e a f , 

on the growth hmctions o f  the plants. Results shown are for the net assim ilation ra te 

measured over a  period o f  8 weeks. Figures are the means o f 10 replicates.
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3.5 Enzym e Activity 

3.5.1 PAL Activity

Treatment of the first leaves with NaSA led to a very substantial increase in PAL activity 

in that leaf and in the second and tliird leaves (Fig 57). The greatest increase in PAL 

activity was observed in leaf 2 just I day after treatment of leaf 1 with NaSA. There was 

a steady decline m PAL activity in this leaf with time after treatment, but by 12 days after 

treatment enzyme activity was still more than twice the values observed in the control (Fig 

57). PAL activity in the first leaf was consistently greater in leaves 2 and 3, in treated 

plants, for 3 days after treatment (Fig 57). Treatment o f the first leaf with NaSA 

followed by challenge-hioculation in the upper leaf led to even greater increase in PAL 

activity in all leaves compared to controls (Fig 58). Thus, 1 day after treatment PAL 

activity in leaf 3 was 79/Ug cinnamic acid/ mg protein/ hour (a 20 fold increase over the 

control) and 12 days after treating enzyme activity was still 5 times greater than control 

values (Fig 58). Very similar trends were observed following treatment with PP and MJ 

(Figs 59-62), although the increase in PAL activity following MJ treatment were smaller 

than those observed with NaSA treatment.

3.5.2 Peroxidase A c iivity

Treatment o f the first leaf o f barley seedlings with NaSA led to increased peroxidase 

activity in leaves 1, 2 and 3 (Fig 63). Following treatment with NaSA, peroxidase 

activity increased, reaching a peak 3 days after treatment, and although enzyme activity 

decreased therefter, values were still considerably greater than controls 12 days after 

treatment (Fig 63). A very similar trend was observed following NaSA treatment and
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subsequent inoculation on leaf 2,with mildew, except the increase in peroxidase activity 

was greater than those observed following NaSA treatment only (Fig 64). Treatment of 

leaf 1 with PP resulted in increased peroxidase activity in leaves 1, 2 and 3, although die 

increase observed were not as large as those observed following NaSA treatment (Fig 65). 

The largest increase in enzyme activity was observed in the second leaf, where 2 days 

following treatment, peroxidase was 5 tunes greater than control values (Fig 65). 

Challenge-inoculation o f leaf 2 following treatment o f leaf 1 with PP led to increased 

peroxidase activity in all leaves, peaking at between 3-4 days after treatment (Fig 66). 

Interestingly, in the moculated second leaf o f control plants (i.e. they were not treated witli 

PP but not inoculated), peroxidase activity increased gradually with time, reaching a  peak 

at 7 days (Fig 66). MJ treatment o f the first leaf increased peroxidase activity in all 

leaves compared to the controls (Fig 67), but an entirely different picture was observed 

following subsequent challenge-inoculation of leaf 2 (Fig 68). However, peroxidase 

activity increased slightly over the experimental period, compared to control, where there 

were substantial peaks in peroxidase activity, compared to controls in leaves 2 and 3 at 4 

days and 3 days respectively (Fig 68).

3.5.3 Lipoxygenase

In control plants, leaves 1,2 and 3 all showed a peak in lipoxygenase activity after 2 days 

(Fig 69). When leaf 1 was treated with NaSA, lipoxygenase activity was little different 

from control values until day 3, when enzyme activity started to increase, reaching a peak 

in all leaves 4 days after treatment (Fig 69). In control plants with leaf 2 inoculated with 

powdery mildew, there was an increase in lipoxygenase activity in all leaves over the 

experimental period (Fig 70). In plants where leaf 1 had been treated with NaSA prior to 

inoculation o f leaf 2, there was a more rapid and larger rise in lipoxygenase in all leaves.
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reaching a peak 4 days after treatment (Fig 70). The greatest increase in lipoxygenase 

activity was seen in leaf 2, 4 days after treatment. Enzyme acvtivity in treated plants was 

nearly double the control values. Similar trends were observed for lipoxygenase activity 

in plants treated with PP and MJ (Figs 71-74).
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F IG U R E  57. Effect o f treating tlie lower leaf (leaf 1) o f  barley with NaSA, on the 

activity o f tlie enzyme PAL. Results shown is the (Jg cinnamic acid/mg protein/hour

over a 12 day period for leaves 1,2 and 3. Figures shown are tlie means o f  3 

replicates.

F IG U R E  58. Effect o f  treating tlie lower leaf (leaf 1) o f barley with N aSA  followed 2 

days later by chaiienge-inoculation, on the activity o f the enzyme PAL. Results 

shown is the jJg cinnamic acicFmg protein/hour over a 12 day period for leaves 1,2 

and 3. Figures shown are the means o f 3 replicates.
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F IG U R E  59 Jbffect o f  treating the lower leaf (leaf 1) o f barley with PP, on the activity 

o f  the enzyme PAL. Results shown is the /tg  cinnamic acid/mg protein/hour over a 12 

day period for leaves 1,2 and 3. Figures shown are the means o f 3 replicates.

F IG U R E  60. Effect o f treating the lower leaf (leaf 1) o f  barley with PP followed 2 

days later by challenge-inoculation, on the activity o f the enzyme PAL. Results 

shown is the fig  cinnamic acid/mg protein/hour over a  12 day period for leaves 1,2 

and 3. Figures shown are the means o f 3 replicates.
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FIGURE 61 Effect of treating tlie lower leaf (leaf 1) of barley with MJ, on the activity

of tire enzyme PAL. Results shown is the fig cinnamic acid/mg protein/hour over a 12

day period for leaves 1,2 and 3. Figures shown are the means of 3 replicates.

FIG U R E  62 Effect o f  treating the lower leaf (leaf 1) o f barley w ith M J followed 2 

days later by challenge-moculation, on the activity o f the enzyme PAL. Results 

shown is the fig cinnamic acid/mg protein/hour over a 12 day period for leaves 1,2 

and 3. Figures shown are the means o f  3 replicates.
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FIGURE 63. Effect of treating the lower leaf (leaf 1) of barley with NaSA on the

activity of tlie enzyme peroxidase. Results are expressed as AAbs/mg protein over a

period of 12 days for leaves 1,2 and 3. Figures are the means of 3 replicates.

FIG U R E  64. Effect o f treating the lower leaf (leaf 1) o f barley w ith NaSA, followed 2 

days later by challenge- inoculation of leaf 2, on the activity o f  the enzyme 

peroxidase. Results are expressed as AAbs/mg protein over a  12 day period for 

leaves 1,2 and 3. Figures shown are the means o f 3 replicates.
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FIGURE 65. Effect of treating tiie lower leaf (leaf 1) of barley with PP on the activity

of the enzyme peroxidase. Results are expressed as AAbs/mg protein over a period of

12 days for leaves 1,2 and 3. Figures are tlie means of 3 replicates.

FIG U R E 66. Effect o f  treating the lower leaf (leaf 1) o f  barley with PP, followed 2 

days later by challenge- inoculation o f leaf 2, on the activity o f  the enzyme 

peroxidase. Results are expressed as AAbs/mg protein over a 12 day period for 

leaves 1,2 and 3. Figures shown are the means of 3 replicates.
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FIGURE 67. Effect of treating the lower leaf (leaf 1) of barley with MJ on the activity

of the enzyme peroxidase. Results are expressed as AAbs/mg protein over a period of

12 days for leaves 1,2 and 3. Figures are tlie means of 3 replicates.

FIG U R E  68. Effect o f treating tire lower leaf (leaf 1) o f  barley with MJ, follow ed 2 

days later by challenge- inoculation o f  leaf 2, on the activity o f  the enzym e 

peroxidase. Results are expressed as A A bs/m g protein over a 12 day period for leaves

1,2 and 3. Figures shown are tlie means of 3 replicates.
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FIG U R E  69. Effect o f treating the lower leaf (leaf 1) o f  barley with N aSA  on the

activity o f tlie enzyme lipoxygenase. Results are expressed as A A bs/m g protein over

a period o f 12 days for leaves 1,2 and 3. Figures are the means o f  3 replicates.

F IG U R E  70. Effect o f treating the lower leaf (leaf 1) o f barley with N aSA , followed 2 

days later by challenge- inoculation o f leaf 2 , on tlie activity o f the enzym e 

lipoxygenase. Results are expressed as A A bs/m g protein over a 12 day period for 

leaves 1,2 and 3. Figures shown are tlie means o f 3 replicates.
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I' IGURE 71. Effect of treating tlie lower leaf (leaf 1) of barley witli PP on the activity

of the enzyme lipoxygenase. Results are expressed as AAbs/mg protein over a period

of 12 days for leaves 12  and 3. Figures are die means of 3 replicates.

FIG U R E  72. Effect o f treating die lower leaf (leaf 1) o f  barley with PP, followed 2 

days later by challenge- inoculation o f leaf 2 , on the activity o f  the enzyme 

lipoxygenase. Results are expressed as AAbs/m g protein over a 12 day period for 

leaves 1,2 and 3. Figures shown are the means o f 3 replicates.
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FIGURE 73. Effect of treating the lower leaf (leaf 1) of barley with MJ on the activity

of the enzyme lipoxygenase. Results are expressed as A  Ah s/mg protein over a period

of 12 days for leaves L2 and 3. Figures are the means of 3 replicates.

FIG U R E  74. Effect o f treating the lower leaf (leaf 1) o f barley witlr MJ, followed 2 

days later by challenge- inoculation, on the activity o f the enzyme lipoxygenase. 

Results shown are tlie activity o f the AAbs/m g protein over a 12 day period for leaves

1,2 and 3. Figures shown are tlie means of 3 replicates.
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TABLE 5. Effect of applying an elicitor of resistance to the lower leaf of barley plants

on P AL. activity in leaves 1,2 and 3. Results shown are for 4 days post-elicitor treatment

with standard error for 3 replicates.

T reatm ent L eaf N um ber P.A.L. Activity {{A g cinnamic 

acid/mg pro tein /hr)

Control I 3.09±0.0138

2 1.15±0.0189

3 0.79±0.012

ISlaSA 1 22.33±0.044

2 16.96±0.040

3 16.0S±0.069

PP 1 24.54±0.038

2 14.84±0.037

3 10.43+0.025

MJ 1 15.26+0.026

2 22.05+0.039

3 18.57±0.020
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TABLE 6. Effect of applying an elicitor of resistance to the lower leaf of barley plants

followed by challenge-inoculation on P.AX. activity in leaves 1,2 and 3. Results 'shown are

for 4 days post-elicitor treatment with standard error for 3 replicates.

T rea tm en t L ea f N um ber P .A X - Activity (jit g cinnam ic 

acid/m g p ro te in /h r)

Control 1 10.56±0,118

2 12.33 ±0 .060

3 6,4±0,343

NaSA 1 37.12+0.051

2 33.59+0.060

3 40.68 + 0.020

PP 1 32.99±0.075

2 55.74+0.056

3 49.12±0.062

MJ 1 44.08+0.050

2 42.67±0.044

3 48.51+0.051
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TABLE 7. Effect of applying an elicitor of resistance to the lower leaf of barley plants

on peroxidase activity in leaves 1,2 and 3. Results shown are for 4 days post-elicitor

treatment with standard error for 3 replicates.

T rea tm en t L eaf N um ber

Control

Peroxidase A ctivity 

(A A bs/ing  pro tein)
0.379±0.0012

0.446±0.0019

0.353±0.0018

NaSA 1.71 ±0.0025

L 39±0.0149

PP 0.632±0.0187

1 .2 I3± 0 .002I

0.974+0.0014

MJ

L75±0.0021

1.20+0.0014
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TABLE 8, Effect of applying an elicitor of resistance to the lower leaf of barley plants

followed by challenge-inoculation of leaf 2 on peroxidase activity in leaves 1,2 and 3.

Results shown are for 4 days post-elicitor treatment with standard error for 3 replicates.

T re a tm e n t L ea f N um ber Peroxidase A ctivity 

(A A bs/m g p ro te in )
Control 1 0.571 ±0.0027

2 0.982+0.0021

3 0.504±0.0011

N aSA 1 2.54+0.0015

2 3.18±0.0010

3 2.70+0.0021

PP i 1.95+0.0009

2 1.71±0.0023

3 1.26+0.0010

MJ 1 0.834±0.0022

2 L38±(b0008

3 0.839+0.0009
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TABLE 9. Effect of applying an elicitor of resistance to the lower leaf of barle)̂  plants

on lipoxygenase activity in leaves L2 and 3. Results shown are for 4 days post-elicitor 

treatm ent with standard error for 3 replicates.

T re a tm e n t L ea f N um ber Lipoxygenase Activity 

(A A bs/m g  pro te in )

Control 1 0.523 ±0.0063

2 0.6S1±0.0029

3 0.771+0.0024

N aSA 1 1.651+0.0002

2 1.642+0.0009

3 1.698+0.0011

PP I L 645±0.0018

2 1.651+0.0019

3 1.513±0.0019

MJ 1 L 608±0.0028

2 2.408+0.0023

3 L928±0.0025
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TABLE 10. Effect of applying an elicitor of resistance to the lower leaf of barley plants

followed by challenge-inoculation on lipoxygenase activity in leaves 1,2 and 3. Results

shown are for 4 days post-elicitor treatment with standard eiTor for 3 replicates.

T re a tm e n t L ea f N um ber Lipoxygenase A ctivity 

(A A bs/m g  pro te in )

Control 1 1.284+0.0002

2 I.I2 9 ± 0 .0 0 1 7

3 1.336+0.0012

N aSA 1 1.824±0.0011

2 1.929±0.0021

3 1.769+0.0020

PP 1 2.148 ±0.0031

2 2.015+0.0016

3 2.259 ±0.0022

M J 1 1.847±0.0013

2 2.358+0.0014

3 1.807±0.0015
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,î.5 Field Trials

3.5.1 Disease Development

In botli 1993 and 1994 20mM NaSA, 25 mM PP, 20 niM MJ and commercial fungicides 

significantly reduced tlie level o f mildew infection observed. (Table 11). The largest 

reductions were found in 1994 when plants were treated with 20 niM MJ. Analysis of 

variance highlighted significant differences between treatments and controls (Table 11).

3.5.2 Grain Weight

In 1993 analysis o f variance showed no significant differences between elicitor treated 

plants and control plants (Table 12). In 1994 significant differences were obseived 

between elicitor treated plants and controls (Table 12). No differences in grain weight 

were found between commercial fungicides and control plants (Table 12).

3.5.3 Plant Height

Analysis o f variance showed no significant differences between control plants and those 

treated with either 15 mM NaSA, 25 mM PP or commercial fiingicides (Table 13). In 

1994 plants treated with 20 mM MJ were significantly smaller than control plants and 

other treatments (Table 13).
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3.5.4 Plant Diy Weight

In 1993 and 1994 analysis of variance showed there were no significant differences 

between plant dry weight o f the control and plants treated with either elicitors or 

commercial fiingicides (Table 14).
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Table 11. Effect of applying elicitors of resistance or proprietary fungicides on disease

development of field grown barley. Barley powdery mildew was assessed visually using tire

M.A.F.F. standard area diagram. Standard deviations are shown at 95% confidence level.

T re a tm e n t %  L eaf A rea S tan d ard  Deviation %  Disease C on tro l

1993 Infected

Control 2 L 2 8.07

N aSA  (15mM) 5.1 1.38 76.0

PP (25inM) 6.42 2.04 65.0

T re a tm en t Vo L ea f A rea S tan d ard  Deviation %  Disease C on tro l

1994 Infected

Control 19.45 1.7

NaSA  (15mM) 1 5 3.2 61.3

M J (ZOmM) 7.2 0 . 6 6 62.9

Corbel 9.9 0.16 48.9

Folicur 7.9 0.31 59.2

Radar 1 0 .2 0 . 6 8 47.4
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Table 12. Effect of applying elicitors of resistance or proprietary fungicides on the grain

weight of 10 plants in field grown barley. Standard deviations are shown at 95% confidence

level.

T re a tm en t

1993

G ra in  W eigh t S tan d ard  D eviation

Control 

N aS a (20mM)

86.79

94.23

7.09

4.69

%  Increase in 

G ra in  W eight

8.6

97.69 2.22 12.6

G rain  W eight S tan d a rd  D eviation %  In crease  inT re a tm en t

1994 G ra in  W eight

Control 2.71 50.2

N aSa (ISmM ) 47.2

126.35 6.04 12.6

Corbel 95.97 5.54 13.9

Radar 97.71 7.07 11.9

Folicur 96.07
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T ab le  13. Effect o f  applying elicitors o f resistance or proprietary fiingicides on the 

height o f  field grown barley. Standard deviations are shown at 95%  confidence level.

T re a tm en t

1993

P lan t Height (cm) S ta n d a rd  D eviation

Control 75.9 3.81

N aSA  (15mM) 71.8 2 . 1 2

PP (25mM) 72.4 2 .0 1

T  rea tm en t 

1994

P lan t Height (cm) S ta n d a rd  D eviation

Control 71.2 1.33

N aSA (15niM ) 73.6 4.07

M J (2 0 inM) 62.1 4.84

Corbel 76.4 3.40

Folicur 75.5 2.42

Radar 77.0 2 . 1
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T a b le  14, Effect o f applying elicitors o f resistance or proprietary fiingicides on plant 

dry w eight o f  field grown barley. Standard deviations at 95%  confidence level are shown in 

the table.

T re a tm en t P lan t Di-y W eight (g) S tan d a rd  D eviation

1993

Control 2 0 .8 2.06

N aSA  (15mM) 19.4 1.27

PP (25inM) 20.3 0.54

T rea tm en t P lan t Dry W eight S tan d ard  D eviation

1994

Control 21.3 0.32

N aSA  (15mM) 19.9 1.29

MJ (20inM) 2 0 .2 0.84

Corbel 2 1 .1 0.37

Radai' 26.6 6.61

Folicur 2 2 .2 3.65
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4. DISCUSSION



4 D ISC U SSIO N

It is now recognised that plants susceptible to pathogens contain the same genetic 

information for defence as resistant plants. Wliat distinguishes the two is the speed and 

magnitude to which the latent genetic information is expressed. As long ago as 1933, 

Chester observed it was possible to enhance the expression o f this genetic information by 

prior inoculation with plant pathogens. Since then it has become apparent that a great 

number o f ‘agents’ have the ability to enliance the expression of genetic information 

carried by susceptible plants. Abiotic chemicals are amongst the agents which have been 

shown to sucessfuliy prime plants, enabling tliem to react more rapidly when faced witli 

pathogen attack. It has been shown in many cases that the final level of mRNA coding 

for defence factors is higher in susceptible plants than in resistant ones. However, the 

synthesis and accumulation of defence related chemicals takes place too late in susceptible 

plants. The pathogen by tliis stage has successfully established infection.

A study o f abiotic chemicals was undertaken in an attempt to gain a deeper insight into 

the environmental and physical requirements for maximal induction of SAR in barley. 

The study also attempted to study some of the defence mechanisms induced following 

treatment with abiotic elicitors.

4.1 General Screening o f  Abiotic Agents

In order to detennine which chemical agents and which concentrations effected greatest 

induced resistance, a screening trial o f 28 combinations of chemicals and concentrations 

was undertaken. All four concentrations of the seven potential elicitors screened gave 

significant reductions in mildew hifection. The degree o f protection confered varied with 

the chemical and the concentration used. Thus, although Chitosan, ASA and INA gave
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reductions in mildew infection of upper leaves wliich were statistically significant, the 

magnitude of these effects were not considered sufficient to warrant further study.

NaSA, MJ, and PP all gave reductions in mildew development of at least 19 %. The tluee 

optimal concentrations o f these compounds were 15mM NaSA, 25mM PP and 15mM 

MJ. These concentrations may be considered relatively high, but this may be related to 

tlie method of induction. In this study it was impoitant to consider field application 

methods in assessing SAR as an alternative to conventional chemical treatment. It is 

possible the concentration o f the elicitor used could have been greatly reduced if  the 

inducing treatment had been in the fonn o f stem or leaf injection. It is therefore 

conceivable that higher concentrations are required due to the problems associated with 

the uptake o f exogenously applied compounds. Only a tiny proportion of what is applied 

will be taken up by the plant. It is possible that only by the use o f relatively high 

concentations is sufficient chemical absorbed to induce the chain o f reactions required for 

the induction o f SAR. It has been reported that K2HPO4 is an effective foliar feitilliser 

(Reuveni et al., 1992), and so it is possible that a portion of the PP applied is utilised m 

enhancing plant growth, thus restricting tlie level of PP available for initiating the cascade 

o f events leading to the expression of induced resistance. In 1991 Ward et al. 

acknowledged that salicylates may be conjugated during transport in the plant. This again 

may influence the availability of NaSA for initiation o f SAR. MJ may also have 

problems associated with its uptake due to its volatile nature. Low applied concentrations 

may evaporate before sufficient has been taken up by the leaf to induce systemic 

resistance.

It is now agreed that it is not a specific component o f the abiotic elicitor which is 

responsible for the induction o f SAR, but rather a persistent low level o f metabolic
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perturbation leading to stress in the host (Doubrava at al.,1988). This acceptance has 

arisen because o f the diversity o f chemicals capable of inducing the response. In many 

cases of SAR, plant cell death is visible and associated with the expression of SAR. In 

tins trial the chemicals chosen for further study showed no visible symptoms on the 

foliage. It is likely however, that concentrations applied were sufficient to produce the 

low level stress required for the expression o f SAR, but without producing foliar necrosis. 

Evidence suggests, that SAR induced by application o f P O /' results in the sequestration 

of Câ "" from host tissues (Gottstein and Kuc, 1991). Indeed, application of Ca^' was 

shown to produce a complete reversal of SAR (Walters and MiiiTay, 1992). It is possible 

that loss o f Ca“̂  after phosphate application affects cell membranes, destroys cell 

conipartmentalisation and causes the release or synthesis o f hydrolytic enzymes. Due to 

the loss o f Ca"'" the hydrolytic enzymes can act, on the now susceptible, pectic substances 

in the plant cell wall forming oligosaccharides or oligogalacturonates. These may then 

cause the release o f the alarm signal, the exact nature of which, as yet, remains 

unidentified.

4.1.1 Optimal Lag Period Between Elicitor Treatment and Challenge-Inoculation

l ire  effectiveness o f the chemical agents in inducing resistance is affected by the time 

interval between treatment o f the plant tissue with the inducing agent and challenge- 

inoculation with the pathogen. A range o f time intervals, from 24 hours up to 12 days 

were studied. Although a number o f the time intervals studied led to significant 

reductions in the level of powdery mildew infection, the most effective interval between 

inducing treatment and challenge-inoculation was found to be, with all three chemicals, 48 

hours.
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In ali cases o f induced resistance a lag period is observed between inducer treatment and 

detection of systemic acquired resistance. The delay corresponds to a delay in the 

production or release of a signal from the inducer leaf and not, as is the popular 

misconception, its transport to distal leaves and the initiation o f resistance mechanisms, 

which from time course studies are known to be veiy rapid (Dean and Kiic, 1986). At 

time intervals less than 48 hours it is possible that insufficient signal has been produced 

or released from the inducer leaf for SAR to be fully induced. At time inteiwals greater 

than 48 hours the potency of tlie signal from the inducer leaf may have began to decline, 

again resulting in a weaker induction o f SAR.

4.1.2 Effect o f  Environmental Factors on the Expression o f  Systemic Resistance

Dayleiigth and temperature are two enviromnental factors thought to influence the 

successful establishment of SAR. Both of these factors were assessed, independently, to 

detennine a set of environmental conditions wliich allow optimal systemic protection to be 

initiated. A set o f four potential photoperiod and four potential temperature regimes were 

examined.

At the shorter photoperiods o f 7 hr and 1 2  hr reductions of 24 % and 38 % in mildew 

development respectively were observed. The greatest reduction (78 %) was observed 

with a 16 hr daylength, while the longest photoperiod ( 2 0  hrs) lead to a  much smaller 

decrease in mildew infection. Activation of host defence mechanisms is an energy 

demanding process, the energy must ultimately be generated by photosyntliesis. It is 

possible that with the photopenods of 7 hr and 12 hr the energy demands placed on the 

plant by pathogen infection and activation of resistance mechanisms are, in combination, 

too great a burden for the metabolism of the plant. It would appear therefore that the
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shorter photoperiods are unable to meet the photosynthetic demands of the plant for 

metabolites to fuel the activation o f defense mechanisms required to limit the spread of 

mildew. Exactly wdiy systemic protection against mildew should have been less in plants 

grown in a  2 0  hour photoperiod compared to plants grown under a 16 hour photoperiod is 

not clear. It is known that in a variety of plants increasing the photosynthesis leads to a 

decreased rate of starch accumulation and an increased rate of sucrose production and 

export (Wardlaw, 1990). It is possible throughout that an increased export of sucrose 

under the longer photoperiod may have left less available in the leaf for use in financing 

SAR. It IS worth noting that it is unlikely that sucrose could have been imported into the 

systemically protected leaf from other leaves, since there is no evidence of assimilate 

import into mature monocot leaves (Farrar, 1992).

In light o f the work of Klement and Goodman (1968) on the effect of temperature on the 

development o f induced resistance, four temperature regimes were examined in the present 

study. The two lower temperature regimes o f 10°C and 17”C botli led to significant 

reductions in powdery mildew development when systemic protection was induced with 

the three chemicals. However, it is interesting to consider that the temperature at which 

greatest pressure by E. graminis would be expected i.e. at the optimal temperature for 

growth o f E. graminis was infact tlie temperature at which greatest induced resistance 

was observed. Thus, at 2 2 °C a reduction in powdery mildew infection o f 81% was 

observed. This decrease in mildew development is unlikely to be the result o f a direct 

effect o f temperature on the development o f SAR, and more likely to be due to tlie effect 

of temperature on the photosynthetic activity of the plant. Rates of photosynthesis was 

probably limited at 10°C and 17°C and so the energy to induce and maintain SAR would 

also have been limited. A temperature of 22^C is unlikely to have been a limiting factor in 

photosynthesis, and the plants would have been able to provide the energy required for the
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expression o f induced resistance. At the highest temperature regime of 35“C there was 

an overall reduction in the development of powdery mildew, both in tire chemically treated 

plants and in the controls. No significant differences were obseiwed between treatments 

and controls. A temperature o f 35”C is well above the optimum for photosynthesis in 

cereals (approx. 22”C) and, in addition to reduced rates of photsynthesis, rates of 

respiration would have been considerably increased. It is not surprising tlrat SAR 

expression is supressed a t high temperatures. In addition growth of E. graminis would 

have been reduced at this temperature, since it is at the upper limit for growth of powdery 

mildew (Akai, 1952).

4.1.3 Direction o f  Signal Movement

The generally accepted perception of SAR is that a lower leaf is treated with an inducer 

wliich leads to the development of resistance at some distal point above the inducer leaf. 

Nevertheless SAR has been reported to occur at points below tlie inducer leaf. The 

hypothesis that it is possible to induce SAR below the inducer leaf was tested using the 

three abiotic treatmentss, l5mM NaSA, 25mM PP and 20mM MJ. Small reductions in 

mildew infection in the lower three leaves were observed following treatment of tlie upper 

three leaves with all tliree chemicals. All three chemicals gave significant reductions in 

mildew in leaves 1 and 2. However, only 20mM MJ gave significant reductions in leaf 3. 

Despite the reductions in infection being statistically significant, they were not of the 

magnitude obtained when SAR was induced m leaves above the inducer leaf. Therefore, 

it is clear that the signal for SAR in barley moves more strongly in an upward direction. 

The results for 15mM NaSA and 25niM PP were not as expected. I f  it was possible to 

induce SAR below the inducer leaf it would be expected that the strongest induction 

would be in the leaf immediately below the inducer leaf. However, both these chemicals 

showed no significant reductions in leaf 3, while significant reductions were observed in
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leaves 1 and 2 . At this point no explanation can be offered for these results. Application 

of 20mM MJ yielded the expected with the largest reductions in mildew observed in leaf 3 

just below the inducer leaf.

4,1.4 Duration o f  Effectiveness o f  a Single Elicitor Treatment

An important factor in considering SAR as a  potential means o f disease control in the 

field is how long a single application o f elicitor can effect disease control. The study was 

carried out using iSinM NaSA, 25niM PP and 20niM MJ as elicitors o f resistance. As 

expected, the largest reductions were observed in the earlier stages of the trial. Even as 

long as 7 weeks after challenge-inoculation significant reductions in mildew were still 

being observed. At 10 weeks post challenge-inoculation significant reductions were 

obseiwed with 25mM PP and 15mM MJ, when no reductions were observed with 15inM 

NaSA. As the time from challenge-inoculation increased the efficacy o f the systemic 

protection declined. It is possible that a second or booster treatment would be required to 

maintain the level o f resistance expression observed in the early stages of the experiment. 

The use o f booster treatments was examined in the field trial situation and will be 

discussed at a  later stage,

A further consideration in assessing tlie potential of induced resistance as a  viable 

alternative to proprietry chemicals for the control o f powdery mildew is the evaluation of 

how increasing the time interval between elicitor treatment and challenge-inoculation 

affects tlie level o f disease control achieved. It was established in an earlier experiment 

that optimal resistance was expressed when plants were challenge-inoculated 48 hours 

after elicitor treatment. However, in a field situation disease pressure cannot be 

manipulated to ensure it occurs when the expression of induced resistance is maximal. 

Tlie time interval between elicitor treatment and challenge-inoculation was increased in 7
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day intervals and the effect on disease development assessed. Significant reductions in 

mildew development were obseiwed, for all 3 chemicals tested, even if challenge- 

inocnlation was delayed by as much as 42 days for the 3 chemicals examined, there ^vas a 

similar tailing off in the level of protection observed as the time interval between elicitor 

treatment and challenge-inoculation increased. It is possible this is directly linked to a 

decrease in either signal production or signal potency from the inducer leaf.

Present chemical control teclmiques require at least 2 or more applications in the growing 

season, with thnuig of the application being a critical factor. For certain chemicals i.e. 

those with preventative action, initial applications must be made prior to the first 

symptoms being observed. This requires careful crop monitoring, to ensure the pathogen 

is not established. However, infection can spread rapidly even in the space o f a few days. 

If induced resistance is to be used in the field, timing of application would be less critical 

since the plants defences appear to stay primed for a considerable period of time. The 

point at wliich induced resistance crosses the economic threashold o f no longer being 

economically viable would require input from professional economists. But, it appears 

that the use o f induced resistance to protect crops in the field would require no more 

physical input than that required for a conventional proprietry fiingicide.

4.1.5 Alternative Methods o f  Inducing Resistance

Although the methods used to induce resistance so far in this project are no more difficult 

to use than the current methods o f pesticide application, in the field, the simplest method 

o f applying the inducer would obviously be the most advantageous. Potentially the 

simplest method o f inducing SAR would be to treat the seed. This method, if successfol, 

would be carried out by seedliouses, thus freeing fanners from the need to apply any crop 

protection treatments. The three agents known to induce resistance in plants when applied
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aerially i.e. 15mM NaSA, 25mM PP and 20mM MJ, were applied to seeds of a barley 

cultivar wliich is susceptible to powdery mildew. Results from these seed treatments were 

poor. Altlioiigh statistically significant reductions were obseiwed for the two shorter seed 

soaking times of 5 minutes and 15 minutes, mildew control was not sufficient to warrant 

further investigation. It seems unlücely that the reductions in mildew development were 

the result o f SAR although further research will be required to clarify this point. It is 

interesting to observe, however, that after treatment with the chemicals for either 3 or 6 

hrs, all cases resulted in an increase in the levels of powdery mildew in the germinated 

seedlings relative to the controls. It is possible that following such prolonged exposure of 

the seeds to the chemicals, there was physiological damage to the embryo. On 

germination, these seeds then produced a  plant which was actually more susceptible to 

infection by powdery mildew and possibly other plant pathogens.

The possibility that resistance could be induced via tJie root system, by means of a root 

drench, was also investigated. This hypothesis was tested with three chemicals at various 

stages pre-inoculation. All time intervals tested yeilded statistically significant reductions 

in mildew development. The chemicals tested did not, however, give reductions which 

would make induction o f resistance via a root drench an economically viable method of 

disease control. It would appear that the induction of resistance via the root system is 

weak. Tliere are a number of possible explaiiiations for this. Thus, it is possible that the 

concentration o f the chemical inducing agent was not high enough to activate resistance 

via this route. Tlie chemical may be broken down and metabolised by the plant, and so 

the level entering the shoot was not sufficient to trigger the generation o f the signal for 

SAR. It must also be considered that soil organisms may break down or metabolise the 

chemical agents before they are taken up by the plant, or perhaps the agents applied to the 

rooting medium were sequestered making less available for uptake by the root.
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Recently this area o f investigation has been given flirther consideration. De Cal et al., 

(1997) found it was possible induce systemic resistance in tomatoes to Fusarium 

oxysporum  f.sp. lycopersici by applying a coiiidial suspension oïPénicillium  oxalicum to 

the substrate tomato seedlings were to be grown in. Miyazawa et a l ,  (1998) induced 

systemic resistance to tomato wilt disease in vitro by treating tomato roots with either 2 - 

furoic acid, 4- hydrobenzoic acid or salicylic acid.

4.1.6 Direct Anti funga l Effects o f  Elicitor Chemicals in vivo

Although the chemicals screened did not come into direct contact with the mildew and the 

effects were observed at some point distant from the inducer treatment, it is, nevertheless, 

essential to determine the direct effects of the chemicals on patliogens. Some controversy 

has arisen around which chemicals can and cannot be classed as elicitors o f resistance. 

Two schools o f thought exist. One school maintains that for a chemical to be considered 

an elicitor of systemic resistance it should have no antifiingal properties, while the other 

school suggests that the airtifimgal properties of the chemicals are irrelevant since the 

resistance is expressed at some point distant from the initial treatment.

Tire direct effect o f 15mM NaSA, 25mM PP and 20mM MJ on pathogen growth was 

examined in vivo. Plants which had the chemical applied and allowed to diy for 4 hours 

before inoculation all exhibited significant reductions in the level of mildew infection 

observed. The second treatment where plants were inoculated prior to spraying also 

exliibited significant reduction in mildew development. The reductions observed in tlris 

instance for 15mM NaSA and 25mM PP were much smaller than for tlie first treatment.
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Treatment with 20mM MJ caused reductions in the second trial o f the same magnitude as 

those observed in the first trial.

Plants wliich exliibited a reduction in mildew development following the 

spray/dry/inocuiate treatment were likely to be exliibiting some degree of local induced 

resistance in addition to possible fiingitoxic effects. The 4 hour delay would have been 

sufficient for localised resistance to be induced, which can, at least partially, contain the 

development of the pathogen. Under the second set of conditions, i.e. spray/inoculate, the 

reduction in mildew development obtained with NaSA and PP, was unlikely to be due to 

any ftmgitoxic effects. It is more probable that the reduction is directly related to the 

effect o f liquid on the germination o f mildew conidia. Very large reductions in mildew 

development were observed on those plants sprayed with 15mM MJ, post inoculation. 

Tlie 83% reduction observed is unlikely to be solely due to the effect o f liquid on the 

germination of mildew conidia. It appears 13mM MJ has fiingitoxic properties.

4.1.7 Direct Andfungal Effects o f  the Elicitor Chemicals in vitro

The antiflingal effects of the three chemical elicitors, 15mM NaSA, 25mM PP and 20mM 

MJ, were investigated further in vitro, although since E. graminis is an obligate biotroph, 

alternative plant pathogens had to be used. With both P. avenae and C, perniciosa the 

rate of radial growth decreased as the concentration of the amendment increased. This 

was tnie for all 3 chemicals examined. When a core was taken from the leading edge and 

transferred to a PDA plate with no amendments, similar rates o f growth were achieved 

with all samples. Statistical analysis showed no significant difference between die control 

and the treatments (results not shown). From these results alone it would be easy to 

assume that the chemicals were not fiingitoxic, but fungistatic. It must be considered.
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however, that if  the chemical is not unifonnly distributed within the medium, the 

pathogen may avoid direct physical contact with the chemicals. It is likely that the 

pathogen biomass on amended agar plates was significantly less than on control plates, 

since mycelial growth was probably very thin on treated plates.

To fiirther clarify the effects of the elicitor chemicals on pathogen growth in vitro, P. 

avenae and C. perniciosa  were grown in amended PDB. The effect, in all cases, was a 

veiy marked reduction in growth. Only the lowest concentration o f each chemical 

amendment was capable o f supporting pathogen growth. This was true for botli P. 

avenae and C. perniciosa. This data suggests that the 3 chemicals used tliroughout this 

project, 15mM NaSA, 25mM PP and 20mM MJ, all have fiingitoxic properties in vitro.

It is important to remember that the work on the direct effect o f the chemicals on mildew 

and the effect on pathogen growth in culture are not directly compared. Thus, with 

mildew, the effects o f the chemicals were studied on developing germlings on the leaf 

surface, as compared to mycelial growth in culture. It is highly liltely that tire developing 

gemiling and mycelium exliibit markedly different sensitivity to inhibition/ chemicals, as 

noted in other studies (Walters, 1995).

In the 1994 review by Kessman he outlined a  set o f general criteria which had to be 

satisfied before a compound could be classified as an elicitor o f SAR (See section 1.3.5). 

One condition is that the compound must not possess any antifimgal activity, a claim 

wliich is disputed by Kfic (1995). From this work it is clear all compounds screened in 

this trial exhibited antifimgal properties. Therefore whether the response observed can be 

classified as systemic acquired resistance is unresolved. Nevertheless, although these 

chemicals posses antifimgal properties, they are also capable of inducing systemic 

protection to powdeiy^ mildew. The mechanism for the expression of this resistance is
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likely therefore be systemic. Since it is unlikely that sufficient chemical could have been 

transported out of tlie inducer leaf to the upper leaf and then been taken up by the 

developing mildew. Indeed Walters et al. (1993) found that treatment o f the lower leaf of 

barley with '^C-salicylate led to the accumulation o f small amounts o f the compound in 

tlie upper leaf. Although this small concentration o f salicylate (A 1/JmoI g’’ ) would have 

been sufficient to induce SAR, it is unlikely to have been sufficient to exert direct 

antifimgal effects on the mildew. Similar work is required for the three compounds used 

in tills study.

4,2 E ffects o f  Methyljasmonate Vapour

4.2.1 General Screening o f  Methyljasmonate Vapour

Methyljasmonate liquid, in earlier screening trials, was shown to be a potent elicitor of 

systemic resistance. It was therefore considered useful to deteimine whetlier MJ vapour 

exhibited any potential as an elicitor of resistance. Wlien the lower leaf o f barley was 

exposed to undiluted MJ vapour significant reductions in mildew were observed. This 

was also true for the vapour from 15mM MJ. However, it is interesting to note that the 

undiluted MJ showed optimal induction o f resistance after a 30 minute exposure, whereas 

with the vapour from 15mM MJ, a 2 hr exposure time was required. The uptake o f MJ 

vapour will almost certainly be via the stomata. One acknowledged effect of MJ in plants 

is stomatal closure (Curtis, 1984). It is quite possible therefore that for undiluted MJ and 

15mM MJ, 30 mins and 2 hrs represents the time taken for stomatal closure to occur. 

The 30 mills and 2 hrs taken for undiluted and 20 mM MJ to effect stomatal closure 

would have allowed an increased uptake of MJ, leading to increased elicitation of 

systemic resistance. Upon stomatal closure, uptake o f MJ would be reduced and so no
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further increase in the elicitation of systemic resistance would occur. Indeed after 

stomatal closure the level o f MJ within the leaf might decrease due to metabolism, leading 

to a possible fall in the elicitation of systemic resistance.

4.2.2 Optimal Lag Period fo r  Methyljasmonate Vapour

As witli the liquid elicitors o f resistance to ensure optimal resistance was induced it was 

important to establish the optimal lag period between elicitor treatment and challenge- 

inoculation. As in section 2.2.2 a range o f lag times were examined. The optimal lag 

period was found to be 24 hours. This was 24 hours less than the time interval which was 

found to be optimal in plants treated ffith liquid elicitors. It is possible that tlie lag period 

required for vapour treated plants was reduced because o f the method of uptake into the 

plants. The MJ vapour, if taken up via the stomata, would penetrate the plant more 

rapidly than if  absorbed as a liquid through the leaf epidermis. Therefore the elicitor in 

vapour state may more rapidly initiate the chain o f reactions leading to tlie expression of 

induced resistance. It is also possible that the vapour misses out some of the earlier 

stages in the cascade o f events leading to the induction of SAR, since MJ has been 

suggested as a possible signallmg molecule in SAR.

4.2.3 Effects o f  Methyljasmonate Vapour on Fungal Grounh and Development m vivo 

and in vitro

Following on from this work, the direct effect o f  MJ on fungal pathogens was examined 

both in vivo and in vitro. When the leaf was inoculated and then exposed to vapour from 

either undiluted or 20mM MJ, solution, a significant reduction in mildew development

198



was observed. As expected exposure to undiluted MJ resulted in the largest reduction in 

powdery mildew development. To fuitlier investigate the direct effect of MJ on the 

gemiination and development of E. graminis conidia, tap water agar was inoculated with 

mildew conidia and then exposed to the vapour from either undiluted or 20mM MJ. It is 

acknowledged tlrat because E. graminis is an obligate parasite, the germination o f the 

conidiiim and germ tube production are the only 2 stages to occur on agar. During the 

experiment, if  gemiination had occurred but gemi tube development had failed or was 

distorted this was classed as a fail, since in vivo this would translate into a failed 

penetration attempt and hence restricted pathogen growth. On examination it appeared 

that gemiination of the conidia was not affected by tlie presence o f MJ vapour, either in 

its diluted or undiluted fomi, but germ tube development was severely disturbed. The 

gemi tubes obseiwed after exposure to MJ vapour o f any sort were severely stunted and 

distorted. Despite the short exposure time of 30 minutes, it would appear that the vapour 

present after the cotton tipped applicators had been removed was sufficient, with both 

undiluted and 20niM MJ solution, to severely restrict genn tube development. It is 

possible that in the in vivo trial the delay between inoculation and exposure to MJ vapour 

allowed the gennmation process to begin, thus the tip of tlie gemi tube may have been 

present as the plant was exposed to the vapour. As in the case o f liquid elicitors localised 

resistance may have had some part to play in the restriction o f pathogen growth. Anotlier 

possible though less likely explanation is that the vapour left behind some form of residue 

on the leaf surface wliich had a direct antifimgal effect on the pathogen.

4.3 Effects o f  Two Jasmonic A cid  Precursors

Two fatty acid precursors of jasmonic acid were assessed for their ability to induce 

systemic resistance. All concentrations o f linolenic acid showed significant reductions in
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mildew development, with the largest reductions obtained using the 5mM concentration 

Lmoleic acid, however, gave no reduction in disease development at any o f the 

concentrations tested. In fact slight increases in mildew development were observed with 

all concentrations of linoleic acid tested. Farmer and Ryan (1992) examined the ability of 

jasmonic acid precursors to induce the accumulation of proteinase inhibitors, defense 

related compounds induced as part o f a SAR type réponse to insect feeding. Tliey found 

that Imoienic acid strongly induced tlieir accumulation, while linoleic acid had little effect. 

Although different sets of genes are involved here, the principle remains the same. It 

appears that linolenic acid, which is closer in structure to jasmonic acid than linoleic acid, 

has the ability to mimic the action of jasmonates.

4.4 Growth Analysis

Treatment o f the lower three leaves of young barley plants with the elicitors led to 

increases in plant dry weight. Altliough the dry weight increases following treatment with 

NaSA and MJ were small, those obtained following application of PP were larger. 

Challenge-inoculation o f the upper leaves with mildew reduced diy weight slightly in both 

control plants and in treated plants, although the dry weights of the treated plants were 

still greater than controls. Interestingly, Reuveni et al. (1993) showed that treatment of 

the first leaf o f cucumber seedlings with 100 mM K2PO4 led not only to systemic 

protection o f the upper leaves against the powdery mildew fungus Sphaerotheca 

fuligenea, but it also resulted in increased plant growtli In the present study, the leaf 

area o f the plants treated with NaSA and PP were little different from the controls, 

whereas for the MJ-treated plants, leaf areas were substaintially reduced compared to 

controls. The results for PP treatment suggest the greater dry weight of these plants must 

be due to increased rates o f photosynthesis. Certainly, the calculated leaf area ratios, leaf
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weight ratios and specific leaf areas o f these plants confinn that leaves in PP treated 

plants may not be larger in tenns o f area, but they are heavier i.e. they contain more dry 

weight. The calculated values for net assimilation rate for tlie PP treated plants fluctuate 

over the experimental period, witli no consistent differences between the controls and the 

treated plants. Although this might appear to suggest that increases in photosynthesis in 

PP treated plants are unlikely, it must be remembered that NAR is a ealculated measure 

o f the rates o f net photosyntliesis and respiration for all leaves on the plant (Hunt, 1975). 

Given that infection increases rates of dark respiration in plants (Walters, 1985), and we 

know nothing o f the rates of respiration in elicitor treated plants, it would seem prudent 

for friture studies to examine CO2 exchanges in such plants.

Treatment with MJ led to substantial reductions in leaf area, with LARs and SLAs 

indicating that these plants invested much less energy in leaf area than the controls. Since 

there were small increases in shoot diy weight with MJ treatment, it seems plausible to 

suggest that rates of photosynthesis were increased, hideed, LWRs point to these leaves 

being heavier than control leaves. But exogenously applied jasmonates have been shown 

to reduce rates of photosynthesis in treated tissues (Popova et al., 1989), and what effect 

MJ treatment o f lower leaves has on photosynthesis in upper leaves is unknown. 

Jasmonates are also known to inhibit expression o f genes encoding proteins involved in 

photosynthesis, and to stimulate die accumulation of vegetative storage and other proteins 

(Creelman and Mullet, 1997). I f  this is so, then perhaps we should not be looking 

towards a change in photosynthesis as a mechanism for the increased dry weight m MJ 

treated plants, but towards an increased accumulation of, for example, storage proteins. 

This is certainly deserving o f furtlier investigation.
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The effects o f  NaSA treatment on barley were small. Plant dry weight was increased 

slightly and leaf areas were unaffected. Although tliere are reports that exogenous SA 

can increase plant growtli, it is more commonly reported to be phytotoxic (Pierpoint, 

1994). SA is loiown to close stomata in some species (Pierpoiiif, 1994), but it is not 

known whether it does so in barley. Even if the NaSA treatments in this study led to 

decreased stomatal aperture, this effect has been shown to be transient in other species 

(Pierpoint, 1994). In any event it seems clear from tlie results presented here that NaSA 

is unlikely to perturb the rates of photos^mthesis.

4.5 Enzym e Activity

It is interesting to observe that when control plants were challenge-inoculated, enzyme 

activit}' at the end of the experiment was often as high as, if not higher than that observed 

in elicitor treated plants. Therefore, susceptible plants do respond to pathogen attack, but 

it is the speed o f the response wliich is the critical factor in determining the success or 

failure o f  pathogen containment. The responses observed in control plants would be too 

slow to contain or restrict pathogen growth. The pathogen would have siicessfidly 

established itself before enzyme activity was sufficient to limit fluigal growth,

In many cases leaf 2 i.e. the leaf which was challenge-inoculated, showed tlie largest 

increases in enzyme activity. Tliis would be expected since it was under the greatest 

pathogen pressure and hence the magnitude o f the response should be greatest. This was 

tnie for both control plants and elicitor treated plants. In cliallenge-inoculated control 

plants, enzyme activity in leaves 1 and 3 barely rose above the values recorded at the 

beginning o f the experiment. Uninoculated control plants showed little fluctuation in 

enzyme activity, probably because of the absence of disease pressure.
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From this study it was not possible to conclude which o f the enzymes monitored, if any, 

were responsible for the restricition of pathogen growth observed. It is unlikely tiiat any 

o f the observed increases in enzyme activity were responsible for the reductions in 

powdery mildew development, since they occured too late to account for the reductions in 

mildew levels observed. More probably the obseiwed increases were part of a secondary 

response, responsible for the long term protection o f the plant. The possibility exists that 

tliere already had been a burst in enzyme activity in the early stages of pathogen attack, 

but that was not monitored in this study. It is also possible that the enzymes monitored 

are not those responsible for the priraaiy responses.

Reglinski et al., (1997) reported similar findings for PAL when Salicylic acid was 

applied. 2mM Salicylic acid applied to the leaves of Kiwi fruit resulted in a 10 fold 

increase in PAL activity after 2 days. This is consistent with reports for other plant 

species. (Kauss et ah, 1993). Anfoka and Buchenaur (1997) found significant increases 

in both PAL and peroxidase levels in tomato plants treated with TNV which were 

expressing SAR.

Both Heitz et ah, (1997) and Bohland et al., (1997) found that different elicitors appear to 

activiate different lipoxygenase species. Wlien chitin oligosaccharides or 

methyljasmonate were applied to wheat the increase in lipoxygenase activity was more 

rapid than when germ tube extract was used. In addition different lipoxygenase species 

were induced, supporting the theory that different types of exogenously applied elicitor 

exert their effects via different reaction cascades, .and that previously inconsistent results 

may at least partially be explained by this (Bohland et al., 1997).
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4.6 Field Trials

In the 1993 field trial, levels of powder}^ mildew obseiwed on control plants were 

significantly higher tlran the levels on plants treated with elicitors of resistance. Although 

both elicitors o f  resistance exliibited significant reductions in mildew development, it 

appears that 15mM NaSA performed marginally better than 25mM PP.

There were no significant differences m plant height or plant dry weight between control 

plants and those treated with elicitors in 1993. This was also observed in 1994. Grain 

weight in elicitor treated plants was significantly increased in 1994, though not in 1993. 

There are three possible reasons for the increase in grain weight;

A- A decrease in the level o f disease in the flag leaf means that more assimilates were 

available for grain fill 

B- An increase in photosynthesis to compensate for SAR 

C- A combination o f the A and B

Tlie second application o f elicitors coincided witli the development o f the flag leaf. As the 

flag leaf emerged, the crop was sprayed. As a result, the flag leaf was systemically 

protected against pathogen attack. A decrease in disease in the flag leaf is known to be 

directly linked to an increase in grain fill, since the flag leaf is responsible for the 

synthesis of assimilates for grain fill, resulting in an increase in yield (Hay and Wallcer, 

1989). It is possible therefore that a similar situation occurs in barley, and with the 

increased photos^mthesis, SAR would not occur at the expense o f plant yield. An increase 

in photosynthesis in systemically protected leaves would also compensate for the 

reduction in photosynthesis in mildewed leaves. It is unlikely that either A or B are 

solely responsible for the increase in yeild and it is more probable that a  combination of
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the two brought about the observed results. It is recognised that infection by biotrophs 

results ill a decline in tlie rate o f net photosynthesis in the host (Walters, 1985). Bearing 

this in mind, a heavy infection of the flag leaf would result in a decrease in assimilates 

required for grain fill, and hence a reduction in yield. This is likely to be the reason for 

the observed reduction in yield o f control plants.

In 1994, in addition to the two elicitors o f resistance, 15mM NaSA and 20mM MJ, 3 

commercial frmgicides were included in the field trial. The leaf area infected by powdeiy 

mildew was decreased with all treatments. Results were mixed however, and at some 

assessments the commercial fimgicides gave better results tlian the elicitors of resistance 

and vice versa. However, by assessment 4, 20mM MJ had outperformed any of the 

commercial fungicides included in the trial. Powdery mildew control provided by NaSA 

was only slightly inferior to that provided by Foliciir.

Plant height in 1994 was unaffected by treatment with either elicitor or commercial 

fiingicide, with the exception of MJ treated plants. MJ treated plants were significantly 

smaller than both control plant and other treatments. It is possible this is a reflection of 

the influence on plant physiology that MJ has. Treatment of plants with MJ has been 

associated with a number o f plant responses including inliibition o f growth, early 

senescence, stomatal closure and loss of chlorophyll (Anderson, 1989; Horton, 1991 

Herrmami et al., 1989).

All elicitor and fungicide tieated plants exhibited an increase in grain weight. Elicitor 

treated plants exhibited a significantly higher grain weights than fungicide treated plants. 

In fungicide treated plants it is probable that it was the reduction in disease on the flag 

leaf which was responsible for the observed increase in grain weight. With elicitor treated
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plants it is possible that increased photosynthesis in systemically protected tissue, if  this 

indeed occured in the field trial, would, in combination witli the reduction in mildew on 

the flag leaf, accomit for the increase in grain weight.

However, it must be noted that environmental factors oiitwith our control may have 

influenced the results observed. It is possible that they exacerbated or masked the 

magnitude o f some o f the results observed. To evaluate the suitability of SAR for field 

scale use, a long term study would be required in order to eliminate variability brought 

about by enviromnent.

It is important to note that the reductions in mildew development following the application 

of the inducer may not have been solely the result of SAR induction. To consider tlie field 

trial as purely an exercise in SAR, it would have been necessaiy to paint individual leaves 

with the elicitor. This would have been impractical and not viable on a field scale. 

Hence, the elicitors were treated in the same way as any other fiingicide and evaluated on 

the same basis. It is likely that the reductions observed in mildew infection were due to a 

combination o f 3 factors:

1- Direct effect o f the chemicals on tlie pathogen. It was shown in earlier experiments 

that all chemicals exhibit some degree o f antifimgal activity

2- Local acquired resistance

3- Systemic acquired resistance

It is virtually impossible therefore to determine what proportion o f the disease control 

observed could be attributed to the development o f SAR. Whatever the mode o f action o f 

the chemicals screened they appear to offer considerable potential as a means of disease 

control.
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4.7 Conclusions

The definition o f disease resistance is liighiy subjective and is more often classified by 

economic restrictions imposed upon a crop than by the level o f disease the plant is 

naturally capable o f fighting. It is these financial and economic considerations which 

place growers and farmers in an increasingly difficult position when choosing cultivars 

for production. It is a popular misconception that apparently susceptible plants lack the 

genetic information and hence the mechanisms for fighting disease. However, it is now 

apparent that it is the fine control o f these defense mechanisms and genetic information, 

rather than a  complete lack of them per se which detennines resistance under a given set 

of environmental conditions.

More emphasis has been placed, historically, on the discovety of new resistance genes 

than the use o f potential which already exists witliin the plant. Altlrough the use of 

induced resistance in the field is still in its infancy, indications are that it is an effective 

means o f controlling disease. At present there are no indications that induced resistance 

produces metabolites or toxins wliich taint food. The commercially available elicitors of 

resistance eg the Novartis produced product Bion® operate via the production o f PR- 

proteins (Lawton et al., 1996), which represent no problems regarding food safety.

Despite the fact that the mode o f action of the elicitor is to induce naturally occurmg 

defence mechanisms which are latent in the plant, they are still subject to the same 

legislation which applies to fiiomiar pesticides i.e. Plant Protection Products Regulations 

1995 ( European legislation which governs pesticides with new active ingredients). 

Despite many abiotic elicitors being commercially available products e.g. Acetylsalicylic 

acid or Potassium phosphate, they would still require full safety and toxological data
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packages to be submitted to the Pesticide Safety Directorate prior to an approval for their 

use as a pesticide being granted. These data packages may be cost prohibitive. Indeed 

for this reason Bion® in Germany is marketed as a plant tonic and not as a pesticide 

(Lyon and Newton, 1997), thus abolishing the requirement to go through the lengthy and 

expensive process of pesticide registration. Indeed this would appear to be an 

increasingly common route to launching new products on the market. The phosphate 

based product Phosphyte® is niarketd as a readily available form of phosphate used 

primarily in strawberries. However, it is commonly recognised that one of the breakdown 

products of this ‘fertiliser' is phosphorus acid- a highly effective treatment for the control 

o f red core o f strawberries. Indeed phosphorus acid is tlie active ingredient in another 

highly sucesssful pesticide used for the control of red core i.e. Aliiette.

Because of the variability wliich can sometimes be detected in elicitors as a result of 

seasonality or environment, they may appear less attractive than the current range of 

conunercially available pesticides. It is likely that a number of the field scale trials 

reported have used unfonmilated elicitors. The fonnulation o f elicitors may decrease the 

variability of the observed effects, this however is an area which still requires a significant 

amount of research.

The nature o f  elicitors o f resistance is to act by priming plant defence mechanisms to 

respond more rapidly to pathogen attack. To be useful, therefore, it has to be applied 

prior to pathogen attack, unlike some commercial products wliich have curative as well as 

protectant properties. It would appear feasible tliat elicitors o f resistance have a place, in 

the future, in integrated crop management. There is at present an acute awareness o f the 

possibility of pathogens developing resistance to fungicides. It may be possible at a later 

date to combine elicitors of resistance with commercial fungicides to produce a broad
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spectmm product with multi-site activity, which will lessen the possibility of pesticide

The phenomenon of SAR presents plant pathologists with an exciting system of disease 

control which is not open to breakdown due to the development of resistant strains of 

pathogen. Küc (1987) has already outlined the merits and dismerits of SAR as a potential 

form o f  disease control in tlie field. Amongst the more obvious is tlie fact it protects 

plants from a wide range o f plant pathogens including viral, bacterial and fiuigal diseases; 

it depends on more than one mode of action, therefore it is more stable than other systemic 

fimgicides; it is persistent; it is systenuc and it utilises the potential for disease resistance 

which is present in all plants, hence it may be considered natural, depending on the elicitor 

used, and so safe for man and the environment. The disadvantages are predominantly 

associated with insufficient scientific data to support the obsen^ation in the field, 

economic feasibility and social attitudes towards the phenomenon. SAR has provided the 

possibility of developing a form o f disease control which relies on the expression of latent 

genetic information for the expression of disease resistance m high quality and high 

yielding plants.
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5. FUTURE WORK



5 FU TU RE W O R K

In continuing the work undertaken for this thesis, there are a number of areas where 

fiirther investigation would provide infonnation usefiil in determining the viability of SAR 

as a potential means o f disease control in the field.

In discussing the results o f the growth analysis experiments and the field trial, it seems 

possible that changes in photosynthesis and assimilate partitioning were important. 

Future work should study the direct influence o f SAR on photos^aithesis and respiration 

since this would provide a more accurate impression o f how growth is altered in plants 

expressing SAR,

A more detailed study of defence related enzwue activity in SAR plants would broaden 

the picture and provide useful information on the defence reactions initiated m barley 

plants. Many studies to date have reported increases in mRNAs of defence related 

compounds. However, many of these studies have not gone on to detennine whether they 

are subsequently transcribed and synthesised. Future studies should include an 

examination o f lignification and papilla formation, since they are important in resistance 

o f barley to powdery mildew and since both PAL and peroxidase are involved in lignin 

formation (Carver et al., 1995).

Further consideration should also be given to further detailed studies on MJ vapour. It 

would be useful to carry out a comparative study o f the defence mechanisms expressed by 

treatment with MJ solutions and those expressed following treatment with MJ vapour. 

MJ vapour would appear to be a potent elicitor o f SAR, and therefore it would be
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interesting to consider whether the mode of action and the defences induced are the same 

as those induced by liquid MJ.

A preliminary study (results not shown) into the direct effects of MJ vapour on the 

development o f E. graminis gemiination on the leaf surface indicated that certain stages 

were more susceptible to MJ vapour damage tlian others. The early indications are that 

the formation o f the appressorial initials and development of elongating secondaiy hyphae 

are more seriously affected by exposure to MJ vapour, than conidial germination or 

maturation o f appressoria. These data need to be confirmed by further detailed 

examination.

Tills study highlighted how two of the most fundemental environmental factors, 

temperature and photoperiod, influenced the development of SAR. Before giving SAR 

further consideration as a potential means o f disease control in the field, it would be 

essential to determine how other environmental factors, such as light intensity, nutritional 

status o f the soil and water stress, influence the ability of the plant to express SAR and 

maintain normal growth. Though seemingly unimportant, these environmental factors are 

the key to our ability to use SAR in the field as an alternative means o f disease control. 

Factors such as temperature would influence where in the world SAR could be used, 

photoperiod and light intensity would be affected by the seasons thus influencing when in 

the year it could be used most effectively.
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