VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

EXPRESSION OF SYSTEMIC RESISTANCE IN Hordeum vulgure
AGAINSY Erpsiphe graminis BY TREATMENT WITH ABIOTIC

ELICITORS

ANNY FARGUHAR MITCHELL B. Sc.(Hors.)

A THESIS SUBMITTED FOR THE DEGREE OF DOCTOR OF

PHILOSOPHY AT THE UNIVERSITY OF GLASGOW

AUGUST 1998

© Anne F. Mitchell



ProQuest Numlker: 10320901

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10390901

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346






CONTENTS

SECTION

TITLE

CONTENTS

INDEX OF TABLES
INDEX OK INGURES

ACKNOWLEDGEMENTS

SUMMARY
1. INTRODUCTION
1.1 Rarley

1.1.1  Early History

1.1.2  Recent Histosy

1.1.3  Taxonomy

1.1.4 Cytotaxonomic Background

1.1.5 Production Statistics

1.1.6  Major Uses of Barley

1.1.7  Clunate and Sotl Requircments

1.1.8  Diseases of Barley
1.1.8.1 Viral Diseases
1.3.8.2 Bactrrial Discases
1.1.8.3 Fungal Diseases

1.1.9  Breedmg

Xlij

XX

XX

Uo

9

10

10

10

1

12



-t
(]

Barley Powdery Mitdew

.2,V Erysiphe graminis
1.2.2 Infection Process
1.2.3  Production and Dispersal of Conidia
124  Ascospore Production
1.2.5  Effect of the Environmental Conditions
on Erypsiphe graminis
1.2.6  Host Cell Response to infection by Frvsiphe graminis
1.2.7 General Physiologicat and Biological Responsecs
of L& graminis
1.2.7.1 Life Cycle of Erysiphe graminis £.sp. hordei
1.2.8  Controt of Powdery Mildew
1.2.8.1 Cultural Control
1.2.8.2 Biological Control
1.2.8.3 Cultivar Diversification
1.2.8.4 Intcgrated Discase Management.
1.2.8.5 Direct Control Measurcs
1.2.8.6 Disease Forecasting
1.3 Acquired Resistance
1.3.1 Histerical Development of Systemic Acquired
Resistance
132 Terminology

1.3.2.1 Acguired Resistance
1.3.2.2 Lacalised Resislance

1.3.2.3 Systemic Resistance

12

12

15

15

16

16

18

19

19

20

21

22



1.4

1.5

1.6

1.3.3  Signal Production in Systemic Acquired Resistance

—
[}
"

Characteristics of Induced Resistance
1.3.4.1 Tine Dependence

1.3.42 Light Dependence

1.3.4.3 Temperature Dependence
[.3.4.4 Systemic involvement
1.3.4.5 Persistence

1.3.4.6 Nonspeccfictty

1.3.5  Ciiteria for Systemic Acquired Resistance Activators

[.3.6 Methods Used ta Induce Resistance in Plants
1.3.6.1 Prior nocwtation With Viable Organisms
1.3.6.2 Prior Tnoculation With Attenuated
or Heat- Kiiled Organisms
1.3 6.3 Prior Treatment With Microbial Extracts
1.3.6.4 Prior Trcatment With Abiotic Agents
1.3.6.5 Wounding

1.3.7 Duration of Induced Resistance

1.3.8  Nature of the Signal

1.3.9  Signal Transduction

Effect of Induced Resistance onn Hast Physiology

t.4.1 Energy Costs Associated With Disease Resistance

Induced Resistance as a Method for Disease Control

The Hypersensitive Response

31

39

39

41

42



1.7

Defence Response Induced During Systemic Acquired

Resistance
1.7.1  Phytoalexin Accumufation
1.7.2  Lignification
1.7.3  Papillae Yormation and Callose Deposition
1.7.4 Hydroxyproline-rich Glycoproteins
175 Chitinase Activity
1.7.6  PAL and Pcroxidase Activity
1.7.7 Lipoxypenase Activity
1.7.8  B-1.3-Glucanase Acuvity
1.8  Salicylic Acid
1.8.1  General Properties of Salicylic Acid
1.8.2 Salicylic Acid Leveis 1o Plants
1.8.3 Effects of Exogenonsly Applied of Salicylic Acid
1.8.4 Salicylic Acid Biosynthesis in Plants
1.9 Methyliasmonate
1.9.1 General Properties of Methylhjasmonate
1.9.2 Methyljasmonate biosynthesis in Plants
1.9.3 Effects of Exogenously Applicd Mcthyljasmonate
1.9.4  Methyljasmonate Levels in Plants
1.9.5  Methyhasmonaic as 4 Systemic Signal
1.10  Potassiuin Phosphate

1.10.1 Generat Properties

1.10.2 Potassium Phosphate Production

v

46

46

47

48

49

54

wn
A

w
o



1.10.3 Exogenous Application of Potassiun1 Phosphats

1.10.4 Potassium Phosphale as a Ferttliser

1.11  Objectives of The Project
p/ MATERIALS AND METHODS
2.1 General Matcerials and Methods
2.1.1  Growth and Maintenance of Barley Seedlings
2.1.2  Inoculation and Maintenance of Powdery Mildew
2.1.3  Indoction of Systemic Protection
2.14  Challenge- Inoculation of Sysiemically Protected
Plants
215  Assessment of Mildew Infection
2.1.6  Growth and Maatenance of Tungal Cultures
2.1.7 Protein Assay
2.1.7.1 Preparation of Protein Assay Reagents
2.1.7.2 Protemn Assay Technique
22 Experimental Material and Methods

2.2.1  Screening of Various Concentrations of Potential
Elicitors of Systemic Proteciion

2.2.2  Optimat Time Interval Between Inducer
Treatment And Challenge-inoculation

2.2.3  EBffect of Light on Systemic Protection

2.2.4  Effect of Temperature on Sysiemic Protection

2.2.5 Direction of Signal Movemeni

60

60

62

64

64

64

G4

63

[}
"

66

66

o7

08



2.72.6  Duration of Systemic Protection

22.7 Elfcet of Delaying Challenge-fooculation on the

Magmitude of Systemic Protection Responsc

2.2.8 Seed Priming

2.2.9  Root Drenching

2.2.10 Dircct Effect of Test Compounds on Powdery Mildew
Nevelopment
2.2 10, 1Fungitoxicity Test One
2.2.10,2Fungitoxicity Test Two

2.2.11 Anufungal Activity of Chemical Eticitors

2.2.12 Effect of Chaemical Elicitors on Fungal

Growth i Ligud Cultiere

2.2.13 Methvljasmonate Vapour as an Elicitor of

Systemic Protection

2.2.14 Opumal Time Interval Between Exposure

of Mcthyljasmonate Vapour and Challenge-[lnoculation

2215 Iffect of Methyljasmonate Vapour on Germinafion

of Mildew Conidia in vifro

2.2.10 Dirgct Effect of Methyhasmonate Vapour

on Mildew Development irn vive

2.2.1¥7 Effect of Precursors of Methyljasmonate

on Induction of Systemic Protection Agaiust Powdery Mildew

2.2.18 Effects of Two Methyljasmouate Precursars on

Fungal Growth on Agar Plates

2.2.19 Effects of Two Mcthyljasmonate Precursors on

Fungal Growth in Liquid Culture

2.2.20 Light Microscopy

vi

638

74

76

77

77

78

78



3.1

3.2

3.3

2221 Enzyme Activity
2.2.21.1 PAL Activity
2.2.21.2 Peroxidasce Activity

2.2.21.3 Lipoxygenase Activity

2.2.22 Growih Analysis of Plants Treated With Chemical

Elicitors of Svsteruc Protection
2.2.23 Field Trial
2.2.24 Potential to lnduce Resistance Response

in Subsequent Gencrations of Elicitor Treated Plants

3 RESULTS

General Screening

3. 1.1 Screening of Chemical Ehcitors

(W3]

1.2 Optimal Lag Perod

[F5]

1.3 Optunal Temperature Regime and Effect of
Photoperiad on the Development of Induced Roesistance
3.1.4  Direction of Signal Movement

3.1.5 Duration of Induced Resistance

3.1.6  Seced treatment and Root Drenches as Methods
of Inducing Resistance

3.1.7 Fungitoxicity Screening

3.1.8 Effcct of Abiotic Eliciiors iz vifra

Effect of Methyljasmonate Vapour

Effects of Two Methyljasmonate Precursors

33.1 Screening of Linoleic and Linolenic Acid

vil

79

79

80

&1

81

&4

&6

36

86

36

87

87

87

88

38

89

50

90

90



3.4 Growth Analysis
341 Dry Weights
34.2 lcafArca
3.4.3  Leaf Weight Ratic
3.4.4 Leal Area Ratio
34.3 Specific Leaf Area
34.6  Relative Growth Rate
34.7 Net Assimilation Rafe
35 Enzyme Activity
351  PAL Activity
3.5.2 Peroxidase Activity
3.3.3 Lipoxygenase Activity
3.6 Field Trials
3.6.1 Disease Development
3.6.2  Grain Weight
3.6.3 Plant Height
3.6.4 Plant Dry Weight
4 DISCUSSION
4.1

General Screening of Abiotic Agents

4.1.10ptimal Lag Period Between Elcitor Treatment

and Challenpe-Inoculation

4.1.2 Lffect of Environmental Factors on the Expression

viii

92

92

93

93

94

94

94

95

Q6

06

96

99

99

99

1GO

101

161



of Systemic Resistance

4.}.3  Dircction of Signal Movement

414  Duration of Effectiveness of a Singic Ehcilor
Treatment

4.1.5  Alternative Methods of Inducing Resistance

4.1.6  Direct Antifungal Eflects of Ificitor Chemicals in vive

4.1.7 Dircet Antifungal Effects of Elicitor Chemicals in vitro

4.2 Effects of Methyljasmonate Vapour
4.2.1 Screening of Methyljusmonate Vapour
4.22  Optimal 1.ag Period for Methyljasmonate Vapour
4.23 Effects of Methytjasmonate Vapour on Fungal
Growth and Developiment o7 vive and is vifro
4.3 Effects of Two Jasmonic Acid Precursors
4.4 Growll Analysis
4.5 Fazyme Activity
4.6 Field Trials
4.7 Conclusion
FUTURE WORK

iy

104

106

107

108

110

1

113

113

114

114

116

118

i26



6 BIBLIOGRAPHY 128

APPENDIX 1 Calibyation Curves



INDEX OF TABLES

Table Number

1. World Barley Production

2. United Kingdom Barley Production

3. Some [Fungal Diseases of Barlev

4, Fmal Councentrations of Chemicals ir Amended PDA

5. Effect of applying an elicitor of resistance to the lower leaf (leaf 1} of barley
plants on PAL activity in leaves 1, 2 and 3

6. Effect of applying an elicitor of resistance to the lower leaf (leaf 1) of barley
plants followed by challenge-inoculation on PAL activity in fcaves 1, 2 and 3

7. Effect of applying an elicitor of resistance to the lower leaf (lcaf 1) of barley
plants on peroxidase activity in leaves 1,2 and 3

8. Effect of applving an elicilor of resistance to the Jower leaf (Jeaf 1) of barley
plants followed by challenge-inoculation on peroxidase activity in lcaves 1, 2
and 3

9. Effect of applying an elicitor of resistance to the Tower leaf (leaf 1) of barley
plants on Lipoxygenase activity in leaves 1, 2 and 3

19, Effect of applying an chicitor of resistance to the lower leaf (leaf 1) of barley
plants followed by challenge-tnoculation on peroxidase activity in leaves 1, 2
and 3

11. Effect of applving clicilors of resistance or proprietary fungicides on disease
development of field grown barley

12, Fffect of applying chicitors of resistance or proprietary fungicides on the grain
weight of 10 plants in of field grown barley

13

Effect of applying elicitors of resistance or proprietary fungicides on the height

of field grown barley

Xi



14. Effect of applying elicilors of resistance or proprietary fungicides on plant dry

weight of field grown barley

xii




INDEX OF FIGURES

Figure No.

1. Proposed Pathway for Salieylic Acid Brosynthesis
2. Proposed Pathway for Jasmonic Acid Biosyathesis
3. Effect of (reating the fower leaf of barey with various concentrations of the

chemical Saticylic Acid on the develapment of gystemic resistance in the second
leaf following challenge-inoculation

4. Effect of treating the lower leaf of barfey with various concenlrations of fthe
chemical Sodivm Salicylate on the developmeut of systemic resistansee i the
sccond leaf following challenge-inoculation

5. Effcct of treating the fower leaf of barley with various concentrations of the
chemical Potassium Phosphate ou the development of systemic resistance in the
sccond leaf following challenge-inoculation

6. Effect of treating the lower leaf of barley with vartous concentrations of the
chemical Methyljasmonate on the development of systemic resistance in the
sccond leaf following challenge-inoculation

7. Effect of treating the lower leaf of barley with varions concentrations of the
chemical Isonicotinic Acid on the development of systemic resistance in the
sccond leaf following chalicnge-inoculation

8. Eftcet of treating the lower leal of barley with vatlous concentrations of the
chemical Acctylsabicylic Acid on the development of systemic resistance in the
second leaf {ollowing challenge-inoculation

9. Effect of treaung the tower leaf of barley with various concentrations of the
chemical Chitosau on the development of systemic resistance in the second Jeaf

following challenge-inoculation

xiil



10.

14.

16.

17

i8.

19.

20.

21,

22.

23.

Effect of varying the time interval between treatment of the lower leat of barley
with an abiotic elicitor of SAR and challenge-mnoculation on the development of
SAR in the second icaf

Effect of varying the photoperiod on the development of SAR

Effect of varying the temperature on the development of SAR

Effect of prolonging the Lme mterval between elicitol treatment and chalienge-
inoculation au the subsequent developraent of SAR.

Duration onc clicitor treatment remains effective at cliciting a systemic
resistance response in the second leaf

Effect of treating the three upper {eaves on the development of SAR in the lower
theee leaves

Fffcct of priming seed in elicitors of resistance for varying time periods on the
development of systermic resistance i the germinated plant

Effect of applying the clicitors as root drenches at vatious stages pre and post
inoculation on their ability to induce systemic resistance

Direct effect of the abiofic elicitors of SAR when applied by two techniques on
powdery mildew development

Effect of amending PDA with a range of concentrations of the abiotic elicitor,
NaSA, on the radial growth of the pathogen P. avenae

Effect of amending PDA with a range of concentrabons of the abotic ehicitor,
NaSA, on the rudiat growth of the pathogen C. perniciosa

Effect of amending PDA wilh 2 range of concentrations of the abiotic elicitor,
PP, on the radial growth of the pathogen P. avenae

Effect of amending PDA with a range of concentrations of ithe abiotic elictior,
PP, on the radial growth of the pathogen C. perniciosa

Effect of amending PDA with a range of concentrations of the abiotic elicitor,

MJ, on the radial growih of the pathogen P. avenae

Xiv



26,

27.

28.

29.

30.

31.

33,

Effect of amending PDA with a range of concentrations of the abiotic elicitor,
M, on the radial growth of the pathogen C. perniciosa

Effect of ammending PDB with the abiotic inducing agents NaSA, PP or MJ on
biomass productivity of the pathogen P. avenae

Fiffect of ammending PDB with the aliotic inducing agents NaSA, PP or M) on
biomass productivity of the pathogen C. perniciosd

Effect of exposing the lower leaf of barley to cither the vapour from a 15mM
solution of MJ or to the vapour from undiluted MJ for varous time wntervals on
the development of SAR in the second leaf

Effect of varyving the time interval between treatment of the lower feaf with MJ
vapour and challenge-inoculation of the second leaf on the development of SAR
on the secomd feaf

Effect of directly exposing £. graminis comdia on the leaf surtace to the vapour
of either 15mM MJ solution or undiluted MJ on the development of powdery
mildew

Effect of exposing £ graminis conidia, in vitro, to 15mM MJ or from undiluted
MJ, on the germination of the conidia

Elfect of applying various concentrations of Linoleic Acid, a precursor of M, 1o
the lower leaf of burley on the development of SAR in the second leaf

Effect of applying various concentrations of Linolenic Acid, a precursor of MIJ,
1o the lower leaf of barley on the development of SAR in the second leaf

Effect of amending PDA with a range of concentrations of Linoleic Acid on the
radial growth, in vitro, of the pathogen P avenae

Lffcet of amending PDA with a range of concentrations of 1.inoleic Acid on the
radial growth, i vitro, of the pathogen C. peiniciosc

Elfect of amending PDA with a range of concentrations of Linolenic Acid on

the radial growth, #2 vifre, of the pathogen . avenae



36.

37.

38.

39.

40.

42.

44.

46.

47.

Effect of amending PDA with a range of concenirations of Linolenic Actd on
the radial growth, in vitro, of the pathogen C. perniciosa

Effect of amending PDB with a range of concentraions of Linolcic Acid on the
growth, in vitro, of the pathogen . avenae

Effect of amending PDE with a range of concentrations of Linoleie Acid on the
growth, i vifro, of the pathogen C. permiciosa

Effect of amending PDB with a range of concentratons of Linolemc Acid, a
precursor of MJ, on the growth, in vitro, of the pathogen £. avenae

Effect of amending PDB with a range of concentrations of Linolenic Acid, a
precussor of MJ, on the growth, in vitre, of the pathogen C. perniciosa

Effcet of treating the lower leaf of barley with an abiotic clicitor of SAR on the
growth of the plants over an 8 week period. Shoot dry weight

Effect of treating the lower leaf of barley with an abiotic clicitor of SAR,
followed 2 days Jater by challenge-inoculation, on the growth of the plants over
an 8 week period. Shoot dry weight

Effect of treating the lower leaf of barley with an abiotic elicitor of SAR on the
growth of the plaats over an § week period. Root dry weight

Effect of treating the lower leaf of barley with an abiotic elicitor of SAR,
foltowed 2 days later by challenge-inoculation, on the growth of the plants over
an 8 weck period. Root dry weight

Effect of treaiing the lower leaf of barley with an abiotic elicitor of SAR on the
growth of the plants over an 8 week period. Leaf area

Effect of treating the lower leaf of batley with an abiotic elicitor of SAR,
followed 2 days later by challenge-inoculation, on the growth of the plauts over
an § week period. Leaf area

Effect of treating the lower leaf of barley with an abiotic elicitor of SAR on the

growth of the plants over an 8 week period. Leaf weight ratio

xvi



48.

49,

th
=

51.

52.

54.

56.

57.

58.

Effect of treating the lower leaf of barley with an abiotic elicitor of SAR,
followed 2 days later by challenge-inoculation, on the growth of the plants over
an § weck period. Leaf weight ratio

Effect of treating the lower leaf of barley with an abiotic elicitor of SAR on the
growth of the plants over an 8 weck period. Leaf area ratio

Effect of ticaung the lower leat” of barley with an abiotic elicitor of SAR,
followed 2 days later by challenge-inoculation, on the growth of the plants gver
an 8 week period. Leal area ratio

Cffect of treating the lower leaf of barley with an abiotic elicitor of SAR on the
growth of the plants over an 8 weck period. Specific leaf arca

iffect of treating the lower leat of barley with an abiotic elicitor of SAR,
followed 2 days later by challenge-moculation, on the growih of the plants over
an § week petiod. Specific leaf arca

Elffect of treating the lower leaf of barley with an abiolic elicitor of SAR on the
growth of the plants over an 8 week period. Relative growth rare

Lffect of trealing the lower leaf of barley with an abiotic elicitor of SAR,
followed 2 days later by challenge-inoculation, on the growth of the plants over
an 8 week period. Relative growth rate

Effect of treating the tower leaf of barley with abiotic elicitors of systemic
resistance on the growth functions of the plants. Net assimilation vate

Effect of treating the lower leat of barley with abiotic elicitors of resistance,
followed 2 days later by challenge-inoculation of the upper leaf, on the growth
functions of the plants. Net assimilation rate

Effect of treating the lower leaf (leaf 1) of barley with NaSA on the activity of
the enzyme PAL

Effect of treating the lower lgaf (leaf 1) of barley with NaSA ,followed 2 days

later by challenge-inoculation, on the activity of the enzyme PAL

Nyig




59.

60.

61.

62.

63.

64,

65,

606.

67.

68.

69,

70.

71.

Effcet of treating the lower leaf (Ieaf 1) of barley plants with PP, on the activity
of the enzyme PAL.

Effcet of treatmg the lower leat (leaf 1) of barley with PP followed 2 days later
by challenge-inoculation, on the activity of the enzymc PAL

Effect of treating the lower leaf (leal 1) of barley with MJ, on the activity of the
enzyvme PAL,

Effect of treating the lower leat (feaf 1) of barley with MJ, followed 2 days fater
by challenge-inoculation, on the activity of the enzyme PAL

Effect of treating the lower leaf (leaf 1) of barley with NaSA on the activity of
the enzyme Peroxidase

Efiect of treating the lower leaf (leaf 1) of barley with NaSA, followed 2 days
later by challenge-imwcutation of leaf 2, on the activity of the enzyme poroxidase
Effect of treating the lowcer leaf (leaf 1) of barley with PP on the activity of the
enzyme peroxidase

Effect of treating the lower leaf (fcaf 1) of barley with PP, followed 2 days later
by challenge-inoculation of leaf 2, on the activity of the enzyme peroxidase
Effect of treating the lower leaf (leaf 1} of barley with MJ on the activity of the
enzyme poroxwdase

Effect of treating the lower lcaf (leaf 1} of barley with M), Followed 2 davs later
by challenge-inoculanion of eaf 2, on the activity of the enzyne peroxidase
Effect of treating the lower leaf (teaf 1) of barley with NaSA on the activily of
the enzyme lipoxygenase

Eftect of treating the lower leaf (Ieaf 1} of buarley with NaSA, followed 2 days
later by challenge-inoculation of jeaf 2, on the activity of the enzyme
lipoxygenase

Effect of treating the lower leaf (leaf 1) of barley with PP on the activity of the

enzyme lipoxygenase

Xviil



72. LEffect of treating the tower leaf (leaf 1) of barley with PP, followed 2 days later
by challenge-inoculation of leaf 2, on the activity of the cnzytie hpoxygenase

73. Effect of treating the lower leaf {feaf 1) of barley with MJ on the activity of the
enzyme lipoxygenase

74. Effcct of treating the lower leaf (leaf 1) of barley with MJ, followed 2 days later

by challenge-inoculation, on the activity of the cnzyme lipoxygenase

x1¥



ACKNOWLEDGEMENTS

I would like to thank Dr D. R. Walters for his supervision, support, advics aad

encouragenicut thronghout this period of study.

1 would alse like to extend my thauks to alt the post-graduate students and staff of the
Plant Science department for their support, te the library staff at Auchincruive and to Do
Neil M°Roberts for his advice and guidance with the statistical analysis of these results.

A special thank you must g0 to my long suffering triends Gitlian and Rhona.

I would like to thank Scottish Soft ¥ruit Growers 14d. for the use of photocopying

facitities.

T wish to acknowledge the Dr Wilkiam Stewart Schelarship for the provision of funding

during tlus period of study.
Special thauks must go to myv parcnts for their love, support and encouragement, hut

most ol all for their unwaverng behiel n my ability to do this. Finally. to Babes, thank-

you for keeping me smiling through the final stages of this work.

X



Parts of the work in this thesis appear in the following paper:
MITCHELL, AF. and WALTERS, D.R. (199%) Systemic protection in barley

against powdery mildew infection using Methyljasmonate. dspects of Applied Biology

Conference. Physiological Responses of Plants to Pathogens 1993, 323-326.

XXi



SUMMARY

The effects of 7 chemicals, each at 4 concentralions, were examined to determyrne 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. Lach of these compounds
gave siguificant levels of disease control. A lag period of 48 hours betwecen treatment of
the lower teaf with the elicitor and challenge-inoculation of the sceond leaf was found to
give greatest control of powdery nuldew. A constant temperature of 22°C and a 16 hous
photoperiod were found to be the regimes which gave greatest control of mildew. Fach
of the 3 chemicals was found to possess antifungal properties in vitro to the pathogens
Pyrenophora averae and Crinipellis pernicivsa.  fn vivo only 20mM MJ exhibited
antifungal propertics against £, graminis. Significant levels of resistance were obscrved
up to 42 davs post challenge-woculation.  Significant reductions w infection were stiil
cbscrved when challenge-inoculation of the second leaf was delayed by as much as 28
days. Two alternative methods of eliciling systemic resistance, sced treatment and root
drench, were evaluated. They did not provide the level of disease conirol observed by

elicitor treatment of the aerial portion of the piant.

Methyljasmonate vapour was evaluated as a potential elicitor of resistance. The vapour
from indiluted MJ and the vapour from 20mM MJ were examined. Both were found to
give sigmficant reductions 1 the level of mildew development observed in the second
leal” when the lower leaf was vapour treated and the second lcaf was challenge-
inoculated with mildew conidia. The optimal lag peried between exposure of the first
leaf to MJ vapour and challenge-inoculation was found to be 24 howrs. The vapour from
both undiluted MJ and 20mM MJ displayed antifungal properties in vitro and in vive

agamst powdery mildew. The MJ precursors Linoleic acid and Linolenic acid were

Pt




screened at four concentrations for their ability to elicii resistance. Linoleic acid
displayed no activity at any of the concentrations screened, but all concentrations of
Linolenic acid were effective clicitors of resistance, with 5mM Dbeing the most

significant. Again, in vitro, both compounds exfubited antifungal propertics.

The activity of three defence related enzymes, phenylalanine amumonia lyase, peroxidase
and lipoxygenase were monitored in the lower 3 leaves of elicitor treated plants and also
in elicttor treated plants which had been subsequently challenge-inoculated. Ihis was
carried out for the 3 clicitor chemicals selected from the imtial screening., 15mM NaSA,
25mM PP and 20mM M. In general terms both scts of plants exhibited elevated levels

of enzyme activity, in all 3 leaves.

TField scale trials of the elicitors 15mM NaSA and 25m™M PP showed sipnificant
reductions in powdery miuidew development and significant increases in plant height,
plant dry weight and grain weight. A second field scale trial with 13mM NaSA and
20mM MJ showed superior control with both chemicals relative to commercial
standards. [5mM 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.

KXHL



i. INTRODUCTION



1 INTRODUCTION

Since the beginning of organised food producuon, 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 cercal discases, some three
centuries before Christ  Although he wrote m ignorance of the causal organism he
recognised host variation in susceptibility and the dramatie effeet of the eovironment. In
Romaxn times diseases of cereals and the damage caused was attributed to the wrath of the
Gods. In these areumstances nothing was done to contain the spread of the disease, smce
the preachers of the fime advised that this would only provoke the wrath of the Gods

furihcr,

The destre for elevated levels of food production to feed the ever-increasing populations,
the development of crop improvement schemes, the extensive use of mechanisation in crop
husbandry and above alf, the increased understanding of the causal orgamism, have all
been important contributors to the increased awareness of the mmportance of plant
pathology. Enonmous losses are suffered globally as a result of plant disease. It 13
estimated that globally, on an annual basis, there is a vield loss of around 35%, as the
result of weed, diseases and mnsect pests.  The devastating cconomic impact of plant
pathogens is best left to the professional economist. The financial implications of reduccd
crop quality and consequently yield has lefl crop producers with hitle allernative but to

seek some means of reducing crop losses to an acceptable level.

Wilh the twentieth century came a new cra of crop protection as greater mwonbers of
chemicats were developed and marketed for the controf of plant disease. The 1960°s were
of significant importance, with the devclopment of highly specific fungicides. Thus altered

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



development of resistant strains of pathogens able to breach chemical control, resultivg in
a breakdown of the cxisting confrol measures. Many modern agricultural practices,
designed to maximise short term profitability, have only served o exacerbate ihe problem,
Such praciices include the extensive use of irrigation and fertitisers, as well as the use of
genetically uniform crop varieties aver a large geographical area. In addition, many of
these new high yielding cultivars are proving to be susceptible to diseases which were

previously of hittle importance.

Aprochemical companies are faced thersfore with a continual strugele to keep onc step
ahead of resistant pathogen developiment. ‘I'his is an extremely expensive operation, an
expense which nwst be borne by someone, and this will uitimately be the grower. Iy the
current climate of increased consumer awarcness regarding pesticide residues on food,
alternative control measures which do not rely on the heavy use of chemicals are beng
exploted. Tlus type of resistance is being achieved lurgely through the mcorporation of
resigtance genes iuto plants by breeding programmes. However, this again has led to
resistance which 15 highly ephemeral m nature, with new virulent sirains appearing, which

have the ability to overcome the mtroduced resistance genes i a short period of time.

In recent years the tertn “disease management’ has been favoured in place of the more
emphatic description of ‘disease control’, although the primary objective of all disease
management systems is to effect cotnplete control. This, in reality, is rarely achicved, and
the suceess or faiture of a particutar scheme will be judged on whether or not it is capable
of producing significant cconomic returns. Most disease managewent sirategies are
aimed, principally, at prevention of infection, or if this s unsuccessful, at controlling the

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




The phenomenon of sysiemme acguired registance has been observed in mumerous
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 in readiness for fulurc pathogen attack. In its primed staly,
pathogen recognition is mmediale and defences can be activated in a shorter period of
time than in non-induced plants. Certain chemicals have been identified which are
capable of eliciting the same plant responses as pathogen infection. This phenomenon
may be of significant importance in the future, i developing techmques to aid the

management of plant disease.

L1 Barley

Hordenm vulgare, barley, s the world’s fourth most inportunt cereal, alter wheat, rice
and maize. Urowth of barley is possible over a wider environmental range than any other
cereal. Jts distribulion extends into the Arctic, reaches the upper limits of cultivation in
the mountainous regions of the Himalayas and far below sca level in Palestine. B is more
salt tolerant than any other cercal, thus enabling it to be grown in oases, such as the

Saharan and Asiatic cascs.

L1 Early History

Barley was one of the first crops to be domesticaled m the Near East (Harlan and Zohaiy,

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

forms with fragite ears, have been found 1n considerable quantities at Murevbat on the

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




Cultivated barley has been found at sites in Ali Kosh (iran), Ramad (Palestine), and at
Catal Hityitk and Hactlar (both in Turkey) dating from the period 6,000 BC to 7,000 BC
{Renfrew, 1969). All of the carliest barley finds belong to the iwu-rowed covered sorts,
that is non-naked, but both six-rowed and naked types had appearcd by 6,000 BC
(Helback, 1966; Renfrew, 1969). Barlcy romains bave pencrally been found with other
primary crops of the region and period, such as eminer wheat, emkorn wheat, flax, pea,

vetch and lentil.

Barley wag the most prolific grain of the ancient Near East and the cheapest.
Consequently, it was the food of the poor, the ration of the soldier, serf and slave.
Angcient pladiators were known as “hordearii’ of “barley men’, since their staple dict when
trainmg was barley. Further archaeological evidence indicates that barley reached Spain
in the fifth millenmum BC and the lower Rhine a little later. By the second millennium

BC barley had reached China.

1.1.2  Recent History

During the mediasval period barley was introduced into Northern Europe. By whom or
when cxactly it was introduced have been lost in the mists of time, but it would appear
likely that it was brought back from some Middle-Eastern site discovered by the

crusaders.

Columbus was responsible for the introduction of barley to the New workd during his
second voyage. It was not successful as a crop in Hispaniola, but in the carly Sixteenth
Century it was introduced into the Highland region of Mexico, where it 1s still grown as a

minor c¢rop often being used as a ‘spacer” belween rows of maize (Weaver, 1950).




In the early Seventeenthh Century a series of mtroductions are recorded for the release of
barley into Mew England and Virgsia. [t was a success, and as the settlers moved
Westwards so too did barley. Until the middle or late Nineteenth Century, all batievs
existed as highly heterogeneous ‘land races’. Many barlevs sl exist in this fonm, but
with the advances i agi:cuiture in the last 180-150 years these ‘land races’ have almost
wholly been displaced by pure-line cultivars. This has resulted in the marked narrowing
of the generic base in wany advancud agricultures, theugh this will have been partially

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

1.1.3  Taxonomy/Classification

Kingdom- Planiae

Division- Anthophyta

Class- Morocotyledonae
Family- Poaceae (Giraminae)

Sub-Family-  Hordeae
Genus- Hordewm

Specivs- Vulgare

V1.4 Cylotaxanomic Background

Hordeum wulgore is a seit-pollinating diploid with 2n=2x=14 (Nuan, 1971; Takahashi,
1955). Tetraplords have appeared spontaneously, but these are a negligible component of
the crop. Hybrids between wild and cultivated founs oceur freely in nature, in siluations
where the two are found growing together. The resulting hybrids are fully fertile, the

chromosomes pair well and segrepation is normal.
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Batley has been crossed ‘with a number of other Hordeum species, bul the resulting
hybrids are highty sterile or anomalous, leading to the conclusion that no other specics

was Jnvolved in barley evolution (Haralan, 1976).
1.1.5  Production Statistics

Barley is the United Kingdom's second most cecononucally important coreal aficr wheal.
Wheat overtook batley production in 1983, before which barley was the United
Kingdom’s most important cersal.  The statistics shown overleat on tables 1 and 2

illustrate the relative wportance of the barfey produced in the Umited Kingdom on a

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

aVCIage.
1.1.6 Major Uses Of Barley
There are four principal nses for cultivated barley:

A- Antmal feed
B- Malting
C- Human consumption

D- Sced

The largest single use of barley is as animal feed, primanly supplying carbolydrates and
protein to their diet, A high protcin content iy 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, lysinc.




Table 1- World Barley Production

Yeur Area Harvested Yield Production
(1000 Ha) (Kg/Ha) (1000 MT)
1996 66551 2333 155261
1995 69404 2054 142535
1994 72705 2221 161504
1993 74549 2285 170364
1992 72335 2276 164670
1991 75593 2225 170364
1950 71493 2524 180437
1989 72741 2308 167897
1988 75527 2215 167319
1987 78741 2267 178518
1986 79391 2294 182109

Food and Agriculture Orgamsation of the United Nations Yearbook 1997 Vol 51




Table 2- United Kingdom Barley Production

Year Area harvested Yield Production
{1000 Ha) (Kg/ta) {(1000MT)
1996 o 3417 1672 5714
1995 4413 2183 8633
1994 5002 2849 14509
1993 3215 1164 6013
1992 2905 1297 7365
1991 3084 1393 7627
1990 3215 1515 7500
1989 4885 1652 3070
1988 4638 1873 3710
1987 4970 1831 9100
1986 5224 1917 10014

Food and Agricutture Organisation of the United Nations Yearbook 1997 Vol 5]

Germinating barley sced produces two enzymes, alpha-amylase and beta-amylase, which
hydrolyse starch to fermentable sugars. The production of barley for malting is favoured
by a long cool growing season with uniform nutoent supply. Barley for human
consumption is generally in the form of pearled barley, flour or barley malt for

confecetionery or breakfast cercals.

The minor uses of barley by products arc too numerous to mention, but they include: the

production of paper, laminates, cardboard and millboard. Tufuryl alcohel, the reaction




an important industrial chemical used in the production of resins, adhesives, profective
lacquers and paint stuippers. It is also widely used in the chemical, cosmetic, otl~refining,

car, textile and synthetic rubber industries.

1.L.7  Chlimate and Soil Requirvements

The broad ecological adaptation of barley sets it apart from ather cercals. Best growth is
achieved 1 temperate chimates where the seasons are long and cool and rainfall moderate.
Barley will withstand high temperatures in 2 cool climaie or high humidity in a cool
climate, but dees not perform well i hot, humid conditions (Klages, 1942). Barley is
grown over a wide range of photoponiods. In regions such as California or North Africa
spring barfey is grown during the short winter days, but 10 Euwcope and Northera Canada
it is grown during the tong surmmer days (Guitard, 1960). Water rsquirements for barley
production, per unit weight of grain, 1s lower than for other cereals. {Carleton, 1916), and

its vate of trauspiration is amongst the lowest for the small prain cercals (Nutlson, 1957).

The eacty ripening of ihe grain means that it reaches maturity before the sotl moisture
becomes exhausted. Conseguently, its production is extended to droughty soils and areas
of low rainfull. Best growth is achieved on a well-draimed fertile deep loam or light clay
(Morgan et al., 1938). Nutritionally, barley responds well to a balanced application of
nitrogen and phosphate ferfiliser. It 1s more salt tolerant than other cereals, but less
tolerant of acid soils, A pH range of 6.0-8.5 is acceptable for plant growth (Bower and

Fireman, 1957).




1.1.8 Diseases Of Bariey

Barley is subject to atiack by a wide range of pathogens. The resultani damage 18
reflected 1 a reduction 1o gramn yield and quality. The extent of the damage depentds
principally on the nature of the pathogen and the severity of tbe attack, but ou a world
scale il 1s estimaled that there is a 12% loss anmually due to attack by pathogens. Modern
agricultural systems only scive to cmphasisc the problem. The oxtensive use of
monocropping, coupled with the desire for a uniform. crop are just two of the tactors

which accentuate discase problems.
1.1.8.1 Vial Disease

The most significant viral disease of barey is barley yellow mosaie virns (BY M V). [t
is widespread and is capable of causing dramatic vield reductions, in the region of 15-
20% (Doodson and Saunders, 1970; Moore and Moore, 1961). The virus is aphid bomne,

with different aphids transmifting different isolates of the virus (Stykuis, 1967).

1.1.8.2 BRacterial Disease

The number of sigmficamt bacterial diseases which affect barley is small. The most
conspicuous are bacterial blight, bacterial leaf blight and black leaf chatt (Dickson, 1956;
Moore and Moore, 1961). Bacterial discases are favoured by warm wet conditions and

are gpread by rain, insects, crop debris ad possibly the soil.
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1.1.8.3 Funeal Niscases

Fungal diseases are widespread in barley. The most common, and therefore potentially
the most damaging is, Ervsiphe grominis, which is responsible for the disease powdery
mildew. This pathogen will be discussed in more detail in section 1.2. Due 1o the
restrictions of space it is umpossible to catalogue all fungal pathogens of barley. A

represeniative scleclion of the most damagiog ave listed below m Table 3.

Table 3- Some Fungal Diseases of Barley

I Pathogen Resultant Disease
Fucecinia hordei Browi rust
Ustilago hordei Covered smut
Pseudacercosporella herpotrichoides Eyespot
Rhyucosporium secalis Leaf scald
Helminthosporinm gramineun Leaf spot
Pyrenophora teres Net bfotch

Foliar pathogens are particularly damaging 1[ they become vstablished in the flag leaf and
awns. Ibe photosynthetic products of the awns and {lag leaf contribute approximately
50-8G% of the grain weight. Consequently, if the photosynthetic capacity of these two
major contributors is rednced, or if the products of their photosynthctic activity are
utilised by the pathogen, which acts as a rival sink to the phicem, then a reduction in gramn

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

The improvement of barley depends on the sclection of superior strains from amongst a
range of types. Many of the improvements of the last 200 years were obtained by

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

Modern advances have ansen hy the crossmg of varieties from all parts of the world, and
consequently, ‘land-races’ have virtually disappeared frorn “developed’ countries and the
range m existence 1s decreasing tapidly. Thus, the *geaetic base” of coltivated varisties 1s
being reduced, along with the potential for further improvement through hybridisation.
‘Genetic crosion” has been slowed marpinally by the establishment of world collections of

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

1.2 Bartey Powdery Mildew

1.2.1  Erysiphe grominis

Kingdom- Myeotae

Division II- Fumyccta

Subdivision- Ascomyeoting

Class- Plectomycetes

Order- FEyysiphales

Genus- Erysiphe I
;

Species- Graminis .I
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Powdery mildew is one of the moast conspicuous and widespread of all plant diseascs.
Miidews are obligate parasitcs. Hyphal growth is superficial and their feeding strctures,
haustona, are nonmally restricted to the cpidermal celts. Individual colonies are ¢liiptical
in shape, but if infection is heavy mdividnal colonics may coalesce and form a densc
mycelial mat. Conidial chains develop from dividual basal cells (Plumb and Turner,
1972). These conidial chains, known as conidiophores, contain around erght immature,
but readily dispersible spores which are firmly atiached to sach other. Mature spores at

the tip of the chain are casily detached i the wind (Hanunett and Manuers, 1973).

[.2.2  Infection Process

Primary infection of powdery mildew is 2 multi-componewt process distinguishable on the
basis of morphology or seusitivity to enviroamental luctors. There are seven distinet
stages of primary infection: germination, formation of appressorial initials, maturation of
appressoria, penetration, development of haustorial body, appearance of secondary hyphal

initials and formation of functional secondary hvphae.

Within one hour of deposition the conidiwm germinates producing a short asepiate
pumary germ tube (PGT). The PGT attaches itself firmly to the host spidermal cel
surface, producing a small penetration peg 1-4 hours post-inoculation (Carver et al.
1995), but never forming a haustorium. The process of PGT attachment results in a
sequence of host epidermal celi responses, one of which 1s autofluorescence beneath the
PGT, which is followed within minutes by local aggregation of the cell cytoplasm.
Followmg this a circular area of the epidermal ceft wall sutounding the contact site of the
PGT exhibits altered staming and is known as the “hale’ cffect. A small reluctive

papilla appears, during the next 1-2 hours, in the epidermal cell directly bencath the PGT

13



tip. The halo and papilia areas of host epidermal cells generally contam bound

autofluorogens thought to be phenolic compounds.

Soon after the emergence of the PGT from the conidium the appressorial germ tabe
(AGY) appears. By approximately 9 hours 1t las teached its mature length of ¢. 40um
and differentiatcs an apical lobe,the appresorium. From beneath the lobe a penetration
peg, wilh no apparent cell wall at its tip, emcrges and attempts primary wmlection (Carver
et al., 1995). At present the relative mportance of mechanical and enzymatic forces in
appresorial penetration is unknown, although it is probable thai some digestion of the host
epidermal cell wall occurs (McKeen el al., 1969; Stanbridge et al, 1971; Carver ct al,,
1665). In response to this attempted penctratton by the appressorial germ tube of the
epidermal cell, there is a sequential appearance of autotluorcscence, cytoplasmic
aggregation, halo formation and papilla deposiiion. "This sequence of events is smilar {o
those associated with PGTs but the respense is much more pronounced when viewed by
microscopy (Carver ¢t al., 1995), Doring compatible interactions a proportion of the
appressorial penetration peps pass through epidermal cell response sites 1o form primary
haustoria, first visible by 16 hours. In such cases the peneirated papillae remain as
collars surronnding the haustorial neck, though the merits or demerits of the collar 1o the

pathogen in its biotrophic relationship is unknown.

Once full sized haustorial bodies arc produced, secondary hyphae develop, these are
capable of eventually producing secondary infections. When a haustorivrm is not
produced wnder the primary appressorium, secondary hyphae may begin to form on the
appresorium but will not contimie to elongate and mitiate the formation of secondary
appressoria and secondary wfections {Masri and Ellingboe, 1966). The formation of

clongating, sceondary hyphae is dependant on the existence of fimetional haustoria.
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Penetration begins twenty four hours post infection and oplimal conditions are 20°C and
100% relative humidity. After pepetration, a haustorium, which is surrounded by a
sheatly, is formed n the epidermal cell of the host (Braker, 1964) The formation of a
functional haustorium is crucial for the development of a compatible host-parasite

interaciion,

1.2.3  Production and Dispersal of Conidia

Production of conidia is a continnous process {Hammett and Manners, 1973}, but is
maximal at 20°C and 100% relative hummdity. Light intcusity and phaotoperiod would
appear to have no effect on the growth of powdery mildew, except when very litile fight is
supplicd (Ward and Manness, 1974). Wind speeds of lms-'  wore found to create
sufficient drag to release some comdia from infected leaves in a wind tuomel, but main
spore dispersal required higher wind speeds (Flammett and Manners, 1973, 1974). Wind
speed within cercal crop canopies are nsually much less than 1ms—!. but Bainbridge and
Legg (1976), concluded that ¢ven light winds generate sufficient force to dislodge conidia

due (0 acceleration as leaves move in the wind.

124 Ascospore Production

Glohose cleistothecia are formed in the apgeing mycelial mat after comidial production has
cuded. The glabose cleistothecta are black with simple appendages. They are interwaven
with the mycelial mat and are approxamately 200pm i diameter. The cleistothecta house
ascl, cach of wiich contain eight ascospores. Ascospores are forcibly discharged and
wind dispersed. Ascospore discharge is favoured bv temperatures in the region of 20°C,

provided the cleistothecia are kept moist (Moscman und Powers, 1957).

LS




1.2.5  Effect of Evvironmental Conditions on Liysiphe graminiy

The temperature range over which £ grominis can grow 3 wide {Cherwick, 1944),
though optimal growth occurs n the region of 15-20°C, wiich 1 comparatively tow,
Infection of barley by £ gramins can tuke place al temperatures as low as 5°C (Ward
and Mamners, 1974) and spores are capable of geominating at freezing point (Cherwick,
1944). The upper temperature lint for infection is approximacsly 30°C (Akal, 1932).
and germination may be inhibited at temperatures as high as this (Lemon and Kurkela,
19489), or greatiy reduced (Manners and Hossain, 1963}, However, if germination is

successful and appressoria form, haustoria may stil fail to develop.

Conidia of Erysiphe graminis arc tolerant of extremety dry condivions (Boughey, 1949),
and though the optimal relative humicity for germination of conidia is 100% (Manncrs
and Hossain, 1963), free water cax 1nhibit germination. Light of wavelengths between
550nm and 750nm was found by Sempio and Castori {1932) to reduce germination, but
shorter wavelengths, between 459mm and 549nm, stimufated germination.  Ulira-violet
(UV) radiation is likely lo damage conidia during the primary stages of infoction, that is,
germnmtion and formation of the first haustorium (Mount and Ellingboe, 1968).
Therefore, kess UV radiation 15 needed to inlubit spore germination than kill established

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

1.2.6  Host Cell Respanse to Infection by E. graminis

Evidence suggests that the development of halo and papillae responses of the epiderroal

cell are mnvolved in general resistance to penetration.  The halo response may indicate o

general strengthening, enabling epidermal cells to slow or stop penctration.  The

16




e—_—
—_— .

deposition of papillae 1s the result of vesicle-mediated deposiiton activity of the epideral
cell cytoplasmic response, and directly underlies the attcropted penetration site.  Papillae
i3 a callose matrix mfused with autofluorescent substances, proteias, hydrolytic enzymes

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

In Graminae, all known ‘resistance’ phenomena at cellular level have a penctration
resistance efement and some are almost exclusively of tus type.  When penetration

resistance is not the exchisive component, host cell death covstituies a second and final

defence response in resistance to infection,
1.2.7 General Physiological and Biological Responses of I. graminis

Research has shown increased activity of enzymes kcy to plant phienolic metabolisin
(phenylalanine ammonta lyase (PAL), tyrosime ammonia lyase and peroxidase) al the tima
of host response to PGT contact (Atst and Bushnell, 1991). Later studies of PAL show :
biphasic activity with peaks ocouring at 6 hours and 15 hoars post inoculation. These ‘
peaks coincide with the host response to PG'{'s and appressoria, and an mtervenmg period
of relative yuiescence. Studies have shown a biphasic accumulation of mRNA transcripts
of a varicty of barley response genes, including B-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-tnoculation {i.e. after haustoria formed), irrespective of their |

major mendelian gene controlled compatibility with the fungal 1solate used (Boyd et al., i

1994: Clark et al, 1993, 1994, 1995).
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{- Liberaled ascospore 6- Conidia

2- Germination 7- Ascocarp development

- Penetration peg formation 8- Cleistothicium

4- Hanstorium Q- Ascns

5- Conidiophore

1.2.7.1 Life Cycle of Erysiphe graminis fsp. hordei




Powdery mildew ovenwinters i volunteer crops. In additon to this inoculum source
cleistothecia are relcasged from sexually produced ascospores, during the humicl weather m
spring and autunm, As the temperature rises i the spring dormant mycehium begios o

grow and produce conidia.

1.2.8  Control of Powdery Mildew

Effective and efficient control of the pathogen Frivsiphe graminis Lsp. hoirdei s
dependent on accurate information regarding life cvele and disease epidemiology. Al the
present moment 1 time control lies maindy with the use of systemic fungicides and
breeding programmes to develop resistant cultivars. “there ave, bowcver, a number of
factors which can be used individually or combined to relicve the discase pressurc on

plants. These include;

A- Coltural control

B- Biological contro!

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 moculum is desirable, although tie
success of any such scheme is dependent on the strength of the source and also the area

over which the measure 18 enforced. For pathogens such as £ graminis, which would




have a rapid infection rate, the reduction in the source of primary lnocubam would have to
be very large to significantly affoct the development of an epidemic (Van der Plank,
1963). Crop debris acts as a host for the cleistothecial stage of £ gramiiis, therelore
destruction of crop remains will only be of value in proventing spread to autumin sown

crops if carried out prior to ascospore discharge.

Crops which are grown in close proximity to a sonree of ingeuhum ¢.g. spring barley close

to winter barley. are likely to develop severe infections ar the seedling stape, which

altimately will be important i deternuning vield (Yarham et L., 1971). For sigmficant

reductions I disease ib is necessary to remove major sources from a wide area (Lester,

1971), so that levels of primary inoculum are very small  Tn the Facroe [slands, for

example, powdery mildew on barley plants otly becomes noticeablie on adult plants, since

overwintering sources are all but absent and the prisuary source of inoculuin is from some

distant source elsewhere m Europe (Hermansen and Wibeip, 1972)  Other obvious

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

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

1.2.8.2 Biolpgical Control

Many members of the Ervsiphaceae are parasitised by Ampelomyces species (Rogers,
1957), altiough to date there arc no reports to indicate that it is capable of parasitising /.
graminis. In 1957, Yarwood conctuded that the control of powdery mildews using this

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

favoured by different sets of climatic conditions.
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Grebenchuck (1965} reported decreases in the levels of powdery mildew infection when
barley plants wore sprayed with dung infusions contamung mycelytic bactenia, or with
pure cultures of Trichoderma viride. Cultare filtrales of Trichodermi roseum {Darpowx
and Fajvre-Amict, 1952) are also effective against cereal powdery mildews, as indeed arc
maay other antibiotics (Davis ¢t al,, 1960; Rhodes et al., 1961), but to date noue of the
abuve have been developed for use commerciatty, Move recently, Tilleriopsis pallescens

was shown 1o reduce mycelial expansion and spore production by £ graminis on barley

leaves (Kecan et al., 19970),

1.2.8.3 Cultivar Diversification

The most econcmic method for the contro} of powdery mildew would appear initially to
lic with the use of cultivars with a high level of discase resistance. Such eultivars have
been developed and are comuvercially available, although their success is usually short
lived. In such cultivars rosistance is generally specific, based on one or two major
resistance genes. Consequently, within a few years their resistance hias beets overcome by
a new race of the pathogen. The concept of diversification has been devcloped in an
attempt to ntilise these specific sources of resistance more fully. The underlying principle
is to reduce the rate of pathogen development by choosing eultivars with different
resistance factors to be grown in adjacent fields. [n experimental trals (Gair ot al.,
1987), this concept has been shown to reduce disease levels by S0-80%, which is reflected

in a 6-10% vield merease.  An cxtension of this basic idea 1s to grow three or more
3 g

cultivars, each of which contains a different source of resistance.
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1.2.8.4 Inteprated Disease Management

The hope that breeding progranunes sclecting the nost resistamt strains of barley would
fead to a stable solution to the problem of powdery mildew control, is now looking
extremely unfikely. Fear is growing, that like the sew generation of pathogen specific
fungicides, the new resistant varieties will be rendercd ineffective by strams of virulent
pathogen able o overcome host resistance. It would scem that the most likely solution to
the preblem of stability of conirol measurcs for the control of powdery mildew lies in a
balanced application of a range of measures, The three basic components for such a

system are:

A~ Host resistance
B- Fungicides

C- Cultural procedures
This scheme has the great advantage that it reduces the exposure time of each control
measwre to the pathogen population and consequently, it minimiscs the sclection Tor

virulence or fungicide insensitivity.

1.2 8.5 Direct Control Mcasures

This takes the form of the application of compounds to restrict the spread or effcet of the
pathogen, by erther killing the pathogen direcily or stimulating the host to produce

compourds which do so.
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Chemical control of plant pathogens was restricted to the application of simple non-
systemic compounds such as copper, sulphur and mercury wntil around the 1940°s. These
chemicals are still used today, though they have largaly beeu replaced by the more

complex non-systenmc of systemic fungicides.

Chemical control of 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 environmental
costs. They can be highly toxic fo mammals, including man, and way distuth the

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

At preseot the threc mnost frequently used fungicides for the control of powdery mildew
are propiconazole, fenpropimorph  and  tebuconazole. Both propiconazole  and
{chuconazole are systepsic conizole fungictdes, with protective and curative action, while
fenpropimorph belongs to the family of morpholine fungicides whose action is both

coutact and systenuc.

Econonucally speaking the 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

spectrnum of activity will be manufactured.

The largest potential disadvantage of chemucal contrel is the possibility that pathogens

can adapl and become resistant or tolerant o certain chemicals, as was the case wiih

Erysiphe graminis to ethirimol.




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 successtul means
of control. Diseasc would be far more damaging i€ pesticides were not used. Pesticides
should be used to supplement existing conlrol measures or in the sitwation where no

suttable alternative exists.

1.2.8.6 Discasc Forecasting

Fungierlde use against [oliar discases of cereals 1= a relatively rooent event, since
approximately 1970, In order to optimise the new generation of systemic fungicides for
the controt of powdery mildew, it has been necessary to formmlaie a protocol for
determining the necessity for, and the timing of, fungicide application for maximal
protection. Disease forecasting is based partly on the effects of temperaiure and humidity
en conidial growth and germ tube growth, and partly ou the ramnfudl aud wind speed.
Meteorologicul data have been described which is thought wre related to periods where
there is tikely Lo be an erease i the mumber of conidia above barley crops. These data

are described below:

[~ Day maximum temperatare >13°C
2~ Day sunshine>5 hours

3- Day rainfall< 1 jam

4- Day run of wind > 135 knots

(Polley and King, 1973)

From thesc data 1t is then possible to compute and predict high risk days t.e. days when all

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

consecutive dav when only three factors have been satisfied.

1.3 Acquired Resistance

Followmg Edward Jenner’s first demonstration of human immunisation, whereby
protection against the smallpox virus could be stimulated by a vaccination of the closely
related, but less virulent cowpox virus, the possibility that a paraliel system may operate
i plants has fascinated plant pathologists. If is not unrcascnable to suggest the existence
of such a parallel since plants and animals have evolved simultanconsly facing similar

diseasc problems.

3.0 Historical Development of Sysiemic Acquired Resistance

The first recorded observation of plant immunisation, by methods similar to those nsed in
humans, was in 1911 m the United States of’ America by Smith et al.  They ineculated
Paris daisies with Agrodacterinm  tumefaciens, a tumour producing pathogen.
Subscquent inoculations did not lead to imfection, ‘Lhese observations could not be
validated. In {923 Brown successfully tnoculated plants using attenuated spores of the
saime pathogen. These plants failed to develop tumonrs when inoculated one day later
with virulent spores of A. fumefaciens. Similar obscrvations foltowed, aithough it became
apparent that these responses werc nou-speciic and vastly different from the antigen-

antibody responses of animals, and so interest dechined.

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

called physiologicual acquired immunity. This, in refrospect, was actually three different




processes: viral cross-protection, antagonism (or biocontrol) and what 1s now known as

systemic acquired resistance (SAR).

Detatled studies began in camest in the 1960s with development of reproducible
biological models. In 1961 the first systematic study of SAR was published by Ross
{1961). It was he who first coined the phrases systemic resistance and localised
resistance, the latier describing the resistance induced m inoculated leaves. In the thirty
vears that have followed, the phenomenon has been widely studied and its validity

estabiished.

132 Terminology

The tenninology associated with acquired resistunce is somewhat confusing.  Different

authors apply different meanings to the same term, therelore it is necessary from the

outset to speeify the meaning for each term used.

[.3.2.1 Acquired Resistance- Resistance which is dependent on factors which are only

present following host challenge by the pathogen. Tt is; by definition, the converse of
constitutive resistance, which depends solely on preformexd factors. These definitions,
though scemingly unambiguous, become confused if it is considered that:

A- Resistance can only be induced following an interaction of preformed components of
both the host and pathogen.

B- With a particular host-pathogen interaction, resistance may nol immediately be
apparent, and will have o be measured quantitatively based on a comparison of a

susceplible host challenged by the pathogen under identical conditions.
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It is true to say that all plants, susceptible mcluded, respond to challenge by a potential
pathogen. The difference between resistant and susceptible haosts lies in the speed and
magnitude with which the host defences ure activated. The poiot which separates a
susceptible reaction from a resistant one ts often highly subjective.

Acquired resistance exists in two forns:

1.3.2.2 Localised Resistance- This can only be detected, as the name suggests, in the area
immediately surrounding the point of attempted penetration. It is often accompanied by
the collapse and necrosis of host tissue known as the liypersensttive response (ILR.). The
H.R. may also be accompanicd by a sharp increase w phytoalexin production. Thesc are
antibiotic compounds which have wide rauging effects on fungi and to somc exient
bacteria. A distinctive charactenistic of phvtoalexins is they only accumulate in the area

immediately in contact with or adjacent to the pathogen (Kdc and Rush, 1983).

1.3.2.3 Systemic Resistance- This resistance occurs af sites distant from the pomt of

attempted penctratton. It is dotected by chalienge-inoculation of the host at a different
time and locatuon from the inducing inocwlation. Planf tissucs which have become
resistant as the resuls of an inducing inoculation are said to be protected. This tenm,
however, should not be confused with the plirase ‘cross-protection’, which refers to
resistance which arises as the result of interactions of closely related pathogens,
commonly viruses. The term acquired resistance for the purpeses of this thesis is nsed

synonymously with the term induced resistance.

SAR was defined recently by Joseph Kiie (1993) as the systemic induction of resistanee to

discase m a plant by prior inoculation with an mnfecticus agent, exposure tv an
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environmental influence or treatinent with a chemical which may or may not have any

anti-inicrobial activity in vitro.

1.3.3  Signal Production in Systemic Acquired Resistance

There are mumerous reports (Jenns and Kac, 1979;Richmond, Koe, and Elliston, 1979;
Guedes, Richmond and Kuac, 1980; Kite, 1984; Tuzan and Kue, 1983; Dean and Kuc,
1986; Dalisay and Kiic, 1995) which provide strong evidence to indicate that a signal for
SAR is produced at an tnduction site aud translocaled throughout the plant where 1t

conditions resistance to disease.

Work carried oul on curcurbits indicates that the signal for SAR is grafi {ransmissible
from rootstock to scion. Pratection of the scion is cffective if grafting precedes or follows
treatment of the rootstock with an inductig agent, and protection woudd not appear to be
cultivar-, genis-, or species-specific (Jenns and Kac, 1979). Guedes et al. {1980) showed
that the cffects of fmunisation are stronger and more rapid above the inducer leaf than
below, suggestiag the movement of the signal is sironger upwards than downwards,
although mduction of resistance m the roots by lreabtment of the foliage has been reported

(Gessler and Kiie, 1982).

If the petiofe of the inducer leat was girdled, resistance was prevented both above and
below the ring. If the petiole of the leaves to be challenged were girdled, but the inducer
leaf was left mntact, resistance was prevented in the challenged feaves with girdled petioles
(Guedes ¢! al., 1980). These data indicate strongly that the signal is phloem mobile and

that resistance 1s acquired as a result of a signal transported from the mducer leaf. The
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continneus production of the signal is vot required once the leaf has been conditioned, and

the presence of the inducer leaf is no longer required for the continvation of resistauce.

1.3.4  Characteristics of Induced Resistance

The most fundamental characteristic of acquired resistance 1s the dependence on a (ime
interval between treatment and challenge-imocuiations. Protection is not tmimecdiate in any
system, but can only be recognised after an adequate response period. This time delay is
known as the lag pertod This tume delay corresponds to a delay in the production or
relcase of a signal from the inducer leaf, and not its transport to the distal lcaves or the
time taken tor the initiation of resistance mechanisms, which from time course studies are
known to be very rapid (Dean and Koc, 1986). Work by Guedes et al. (1980) has
indicated that the signal is not volatile and does not move outside the plant (Tuzuan and
Kic, 1985). The mtensity 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. This can be
demonstrated by the work of Cruickshank and Mandryk (1960} who stem inoculated
tobacco plauts wrih Pernospora tabacing. A full protective response in the plaunt foliage

was not evidest until twenty-eight days after the initia! inducer treatment.

1.3.4.2 Light Dopendence

The protection of plants volves the movement and/or synthesis of plant metabolites,

both of which are encrgy demanding processes. Thus, it is logical that light should
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influcnce the ability of the plant {o undertake such energy demanding processes, Lozano
and Sequira (1970) demonstrated on tobacco infiltrated with hear killed bacterial cells,
that no protection was observed i leaves mamntammed m the dark. An ncreasing degree of

protection was observed in dircct relation to the length of photoperiod.

1.32.4.3 Temperatre-Dependence

Resistance clicited by prior treatment appears to be highly temperature sensitive.  This
property has not been explored in any greai detail. Woik by Klement and Goodman
(1968} mdicates that resistance developing i tobacco as a result of local lesion formation
1s maximal in plants grown at lemperatares between 20°C and 24°C) but is not observed

in plants grown at 30°C.

[.3.4.4 Svstemic lnyvolvement

It is important to note that i many host-parasite mteractions the resistance is spread from
the site of mutial moculation. Stem lesions caused by Perenospora tubacing increased
resistance in the upper leaves to 'I'MV and other pathogens (Hecht and Bateman, 1964;
Mandryk, 1963}, The effect was most pronounced on the first few jeaves closest to the
point of initial inoculation. Systemic resistance is by no means the tule in certain other _;
host-parasite interactions. There are many instances of phytoalexin mduction, the result i
of prior inocudation with saprophytic or pathogenic fungi, giving evidence for localised

effects (Cruickshank and Perrin, 1965). ;
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1.3.4.5 Persistence

One of the most unique charactenstics of acyuired resistance is the lang lasting effect of
imtial treatment. A study caried out by Kac et al. {1975) showed that resistance in
cucimber repeatedly inoculated with Collefotrichum lagenarium persisted for ten weeks

agamst the same organism.

1.3.4.6 Nonspecificily

A major distinguishing feature that separates acquired resistance in plants from that in
animals, is the lack of specificity of the former as opposcd to the latter. The lack of
specificity of the protective respouses m 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 18 protecied. It i1s apparent that resistance acgquired by prior imoculation is
usually non-specific, because it may be related to recognition by the host of componnds of
seneral occurrence in. the cell walls of the pathogens, Pathogens appear able 1o prevent
this general resistance response by means that are not cntircly understood at present, or
alternatively they may be insensitive to or unaffccted by metabolites produced as a result

of the response,

1.3.53  Criterra fior SAR Activaiors

There are three critenta which must be satistied before an agent can be classified as an

SAR indncer (Kessmann et al., 1994);

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

activity.
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B- The same scl of genes should be induced in treated tissucs to levels comparable to
those observed in biologically-induced SAR.
C- Application of an agent should mduce local resistance to the same spectrum of

pathogens as seen in biologicatly induced SAR tissues.

The first criterion is in direct conflict with that described by Kac (1995), who states that
whether an agent can be classified as an elicitor of resistance is unrelated to its direct

antifungal properties. This is an issue which is stili open to debate.

1.3.6  Methods Used to Induce Resisiance in Planis

Resistance in localised ateas is the result of an mcompatible interaction between plant and
pathogen. Many of the inferactions lead to expression of the hypersensitive response and
arc characteristic of:

A~ A normally susceptible cultivar challenged by an avirulent mutant of a pathogen.

B~ A cuttivar challenged by a pathogen of an unrelated plant species.

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

cultivars.

Unlike localised resistance, induced svstemic resislance is separated from the inducing
treatment by both time and space.  Conscquently, the methods used fo induce systemic
resistance ar¢ more complex thae those used in expression of localised resistance and for

the same reason arc more difficult to quantify.




The principal tenct of systemic acquired resistance 1s the protection of a plant against
further atiack from harmful pathogens via prior inoculation with an avirulent pathogen
of the plant. The inducing inoculation may use the same pathogen as challenge-
mocudation, or may use avirulent or incompatible forms of the same pathogen, or other
pathogens or saprophyies (Sequira, 1979). Iaduction of this form of resistance can be
illustrated using cecumbers. The upper leaves of certain enlfivars of cacumber seexdings
develop tesistance to TMV, Colletoirichum lagenarium or Psendomaonas lachrymans
(Jenns et al., 1979}, The resistance is manifested as a reduction in the number of lesions
on the upper leaves. The system bhas a dual action; it is possible o induce resistance by-

as well as against- the same patbogen (Caruso and Kue, 1979; Staub and Kuc, 1980),

Roports that heat-lalled, sonicated, formalin-treated or otherwise modified fimgal sporcs
or bactenal cells are effective, to varying degrees, as clicitors of diseasc resistance,
suppast the theory that pathogens induce systemic resistancs by differcnt methods. Heat-
kitled cells of Pscudomonas solanacearum are Ikess cffective inducers of resistance in
tobacco than living Pseudomonas pisi cells, Attenuated (hypovirulent) strains of TMV
have been apphicd on a practical basis more extensively than any other method for
inducing systemic resistance in tomatocs. Plants were pre-treated with appropriately
selected strains resulting in almost complete cross-protection against more virnlent strains

of TMYV, yet suffered minimal loss of vield (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
Psevudomonas solanacecrum (Graham et al., 1977} as well as various other Pseudomonas
spp. and Brwinia chrysanthemi (Mazenuchi et al, 1976; Mazzuchi et al., 1979) effectively
inhibit both hypersensitive response and susceptible response of tobacco to other
pathogens. Extracts and culture filirates from various fungl and bacteria protect bean
plants against Uromyces phaseoli (Schénbeck et al., 1930). In this case resistance 1s only
mduced in certain locations in the plant and s not predicted by the vascular

interconnections (Schénbeck., 1980).

1.3.6.4 Pror Treatment With Abiotic Agents

An abiotic agent would be considered an “activator’ of systennc resistance if it induced
the same set of biological markers as the brological modef and resistance to the same
pathogens, It is also ynportant that neither the agent nor 1ts metabolites should have any

dircet anti~microbial activity,

The abiotic agent must fuifil the three criteria for an SAR activator. At [irst examination
it would appear that there 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 al.,, 1991) and many more. However more detailed studies indicate that
the vast majority tail to salisfy the necessary critenia.  In many cases application of the

agent results m local necrosis, which subsequently triggers a salicylic acid dependent

2




pathway like lhat induced by pathogen infection and n some cases a direct anti-crobial

cffect 15 posatible.

Two abiotic agents which satisty the crileria outlined in section 1.3.5 are salicylic acid
and 2,6-dichloroisonicotinic acid. Salicylic acid and its uses as an SAR aciivator will be
discussed in more detail st section 1.8, 2 6-dichloroisonicotinic acid (INA) provides good
proftection agamst bacterial and fungal pathogens on cucumber, rice and other crops both
in glasshouse and field trials. [xtensive studics carried out by Ward and co-workers
(1991) shows that in tobacco plants treated with INA, the same set of nine gene familics
are activated as in plants infected with TMV. A similar corrclation is observed in other
ptant specics between geues sysiemically induced by pathogen treatment and those
induced by INA application, INA is also rcsponsible for increases in the level of B-1,3-
ghicanase, chitinase and 6-phosphogluconate-dehydrogenase activity in tobacco.  In
addition to the induction of defence enzymes and SAR genss, INA is capable of priming
plant tissues to respond more rapidly with additional defence mechanmisms than untreated
tissues {Kauss et al, 1992).  Sepuchi et al. (1992) demonstrated that lovels of
lipoxygenase, peroxiduse, and general lipid metabolisny, were accelerated in chemicaily
treated and blast-inoculated rice fcaves compared to uninoewlated controls.  The

mechanisin for such sensitisation remains unknown,

1.3.6.5 Wounding

There is limited evidence that certain types of wounding can induce systemic resistance in
plants. The systemmc changes which occur following wounding have only recestly been
studicd m any detwl (Ryan, 1982). In 1978, Ryan found that crushing or tearing of the

tower leaf of young tomato plants caused a significant increase in proteinase inhibitors in




the upper leaves. As litile as 48 hours after wounding of a single leaf, proteinase uihibitor
accounted for at least 10% of the soluble proteins. It must be remembered however, that
the inhibitor proteins are not the enly proteins witch will increase as a result of wounding,
It is possible that the induced mechanism responsible [or the synthesis of protemasc
inhibitors regulates the synthesis of other defence mechanisms such as lignification and

suberization,

1.3.7 Duration of lduced Resistance

Kiic and Riclurond (1977) have shown that treatmont of the first true leaf of cucumber,
followed by a booster ireatment two to three weeks later, will protect the plant from &
varicty of diseases through the fruting period. The samce team also demonstratcd that a
single treatment protecis the plant for a tour to six week period. Without further booster
treatments systemic resistance is lost by the end of this period. However, once cucumbers
have started flowering and set frot it is not possible to induce resistance (Kiic, 19%1).
One possible explanation of this s that the onset of flowering and fruiting alters plant
hormonal balance, thus rendering the induction of resistance impossible.  These (actors
considercd, it would appear that the biological programming of a plant for reproduction
switches off the ability to induce resistance. It dees not, however, prevent the expression

of resistance In protected tissues.

138  Naiure of The Signal

As yet the identity of the primary signal in sesponsc (o initial treatment is completely
unknown. There have to datc been aumerous attempts fo isolate the signat, but all have

been unsuccessful. Extraction of the chenucal may be difficult duc to its instability in
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vitro or it may bind to a moiety dunng extraction. Its detccuon may also be hampered by
a low concentration fn vitro or its existence as a previously compartmentalised substance

released during extraction in both healthy and infected tissue,

It has been thought by many that salicylic acid may be fhe systenuc signal for the
induction of SAR in plants (Ward et al,, 1991, Malamy et al., 1990; Metraux ¢l al.,
1990). Dramatic increases in salicylic acid levels in TMV-resistant (Xanthi-nc) tobacco,
but not in susceptible (Xanthi) tobacco have been observed, which 1s paralleled by the
induction of genes encoding pathogenesis reluted proteins- (PR) proteins, e.g. PR-1 genes.
Iurthermore, Ward et al. (1991) confirmed that the exogenous application of salicylic
acid induced transcription of an entire set of SAR genc families which are activated by
biotogical induction. These findings at the time were taken as evidence indicating that SA

was the systemic signal for SAR.

However, Gafficy and co-workers {1993) used {obaceo which was transformed with the
nahG-gene from Pseudomonos putida, This gene encodes a salicylate hydroxylase which
catalyses the degradation of salicylate to the non-inducing catechol. The transgenic plants
were shown to express the nahG-gene and salicylic acid levels did not rise, nor did it
accumulate after the onset of SAR. Using tobacco plants naaG-gene Vemnooij et al.
{1994} expressed beyond doubt that salicylic acid was not the signal respousible for the
induction of SAR. When nahG-genc sctons were grafled onlo Xanthi-ne tobacco, no
SAR was induced despite the presence of salicylic acid w the Xanthi-nc rootstock.
Conversely, grafts of Xanthi-nc onto nahG-gene plants induced a typical SAR response in
the Xanthi-nc scion, thongh ne increase in salicylic acid levels in the rootstock was

observed.
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The essentiality of SA per se for induced resistance is further questioned by the Gndings
of Delaney ct al. (1994) who found that INA, a compound capable of inducing resistance
m a number of plant species, was capable of restoring resistance to an wcompatible race
of Phytopthaora parasitica and induced resistance to a compatible race in Arabidopsis
thaliana contaimng the salicylate hydrogenase gene.  The authors report that becausc
hydroxyiase-contaming plants cannot accumulate SA, they become more susceptible o
some pathogens and less resistant to incompatible races of 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 ab.ility of INA to inducc SAR in tobacro does not
depend on SA and INA induces systemic increases in PR-1 mRNA in plants expressing
the hydroxylase gene (Vernoon et al., 1995). One possible interpretation of this is that

INA is a functional analogue of SA (Delany et al. 1994),
1.3.9  Signal Transduction

It is difficult to cxamine the mode of action of signal transduction, since the initial signal
for SAR is still unreported. Studies bave been initiated which may provide an insight info
the pathwayvs or carly evenis m signal transduction and may even clucidale the initial

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

Chen and co-workers (1994) isolated a salicylic acid binding protein with catalasc
activity; this binding has been sugpusicd to result in the accumulation of transitory levels
of hydrogen peroxide and other active oxvgen species. It has been suggested that the
oxidative burst following catalase infubition by SA 1s responsible for SAR. It §s uncertain
whether SA levels in tssuc distant from {he site of SAR induction before challenge is

sufficient to 1nJubit catalase and gencrate sufficient active species (AQOS) for SAR.
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Howsaver, the levels of SA accumulating around infection sites in leaves with SAR
induced may be sufficient. The ability of INA to indnce SAR withiout increasing SA
levels make it unlikely that the SA-catalass binding is uniquely responsible for SAR
{(Vernooyj et al., 1993), although oxidative stress may be partially responsible for the

induction of SAR.

1.4 Effect of lnduced Rexistance on Host Physiology

Resistance activates a multiplicity of defence mechanisms, mmany already known, others
may not yet have been identified. It inchades the formation of both physical and chemical
barriers and the synthesis of anti-microbiat compounds, which limit or restrict the growth
of pathogens. Active defence mechanisms have proved an invaluable tool in breeding and
hence, modemn plant production.  However, it has to be considered that while active
defence mechanisws are highly efficient at restricting pathogen growth, these provesses
aceur at the expense of the energy of the plant, and therefoce may be a limiting factor in

plant growth aod yield.

141 Energy Costs Associaled With Disease Resistance

Incompatibility and active defence are associated with the enhuncement of certain
biological activities snch as altersd transiocation and an iucrease in the synthesis of
defence related compounds. These increascs in biological activity are energy demanding,
energy which to a large extent 1s derived from an increase in respiratory activity, It is
well documented that increased respiratory activity 1s an associated feature of diseased
plants (Daly, 1976), although rescarch by Smedegaard-Petersen and Stelen (1981) on the
respiratory activily of tissue reacting incompatibly is less conclusive. If the respiration

ratc of compatible and mcompatible lnteractions between Erysiphe graminis and barley
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are compaicd, then typically the resistant plants do exhibit an earlier and more dramatic
mcrease in respiration han susceptible plants (Miltard and Scott, 1956: Smedegaard-
Pciersen, 1980; Smedegaard-Petersen and Stolen, 1981}, although there are sxceplions to

this generalisation (Scott and Smillic, 1966).

Increased photosynthesis i the mfected Teaves of plants infected with an obligale biotroph
has frequently been reported (Ayres, 1979; Walters, 1985) and would appear to be due 10
the ability of the plant to compensate [or a reduction in vitality caused by the pathogen
{(Edwards, 1970). Falkhof (1990) also reported an increase in the rate of photosynthesis
in the upper leaves of induced resistant barley, which may be based on an increasc in
ribujose-1.5-bisphosphate activity or content (Walters and Avres, 1983). Thuerestingly,
Murray and Walters (1992) reported increased rates of photosynthesis in upper leaves of
broad beans cxpressing SAR. They found that if this increased photosynthesis was
reduced by shading, the magnitude of SAR was substantially reduced, although it was not
abolished, illustrating the mmportance of increased photosynthesis in providing assimilates
for SAR. Plants expressing nduced resistance have the ability, it would appear, to
corapensale for the adverse effect of pathogen on their growth and metabelism, which is

manifested in a proloaged maintenance of the assimilalion rate.

In a recent study, Kehlenbeck et al. {1993) examined the mechanisms underlving this yield
increase obtamed in mildew-mfected barley expressing induced resistance following
treatment with Bacillus subtilis. They found that flag leaves exhibited elevated rates of
photosynthesis, enhanced sucrose levels in the apoplast. and translocation o the grain

was wmmpaired.
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1.5 Induced Resistance as a Method of Disease Control

The use of induced resistance, commercially, for the control of plant discase is minimal.
In Japan (Komochi et al., 1966) and the Netherlands (Rast, 1975) low viralence strawns of
TMV have been uwsed to cross-protect tomatoes againsl virulent strains of the same
pathogen. Mild straing of potato virus X have been used sumilarly to offer considerable
protection against more virulent strains of the virus, Other examples of accidental cross-
protection can be found in vegetatively propagated crop plants. Cross-protection does not

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

Field scalc inoculations with Calletotrichiun  lagenarium against Colletotrichum
lagerarium were carried out by Kic (1977) with somc degiee of success.  Afler
challenge-inoculation, sixty-eight percent of unprotecied plants died but less than (wo
percent of the protected plants succumbed to the discasc.  Under normal field trial
parameters the results would undoubtedly have been even more impressive, since the

naturat 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
Verticillium albo-atrum (Matta and Garibalds, 1977) which was avirulent on tomatoes.
Control was cffected by dipping seedling roots into a spore suspension prior to
transplanting.  However, although the results obtained from these artificially inoculated
soils were encouraging, the control achieved on naturally infected soils was less

pronounced.

Research ai SCRI in Dundee has shown that cxtracts from the veast Saccharomyces

cerevisiae can induce resistance in crop plants (Lyon et al., 1995). These elicitors
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enhanced resistance of bacley to powdery mildew, lettuce to Botrptis cinereq and bean to
Botrytis fabae. They found that the yeast extract increased PAL activity in barley leaves,
and in the ficld provided substautial control of barley powdery mildew. These cxtracts

are currently being developed for possible commercialisation.

Tn the summer of 1995 Ciba launched a new crop protection compound, a
benzothiadiazole (CGA 2457040), which works by activating SAR. Tt is the first
commercially 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 of fungal and bactenal pathogens.

1.6 The Hypersensitive Respouse

This is a common response i plants which are challenged with avirulent pathogens. The
challenged cells and on occasion ihe cells i the mmediate vicinity die rapidly, and the

associated necrosis is characteristic of resistance of the plant as a whole.

The hypersensitive response is associated with the induction of a number of defence
responses including lignification {Beardmore et al., 1983), phytoalexin synthesis (Dixon,
1986), the synthesis of hydroxyproline rich glycoproteins (O°Connell et al., 1990) and the
production of hydrolytic enzymes such as chitinases and glucanases (Boller and Métraux,

1988 Castresana et al., 1990).

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

to challenge by the same or other organisms, 1.e. it induces SAR.
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1.7 Defence Responses Induced

1.7.)  Phytoalexin Accumulation

This is one of the most rapid dofence response to be activated by pathogen attack.
Phytoalesins are low molecular weight anti-microbial substances, which accumulate in
the area iwnmediately surrounding fection. They are generally lipophilic substances
which are products of secondary metabolism and are not translocated. A signal that
conditions plants to accwmulate phytoalexins following infcction 1s, however,
translocated. Therefore it bas been shown that phytoalexing accumulate in tissue which
has been primed by prior infeetion or by treatment with an abiotic elicitor of resistance
(Kuce, 1982; Kac and Caruse, 1977; Kdic and Tuzan, 1983; Kuc, 1984; Kic and Presig,
1984: Kuc and Rush, 1985). Phytoalexins will therefore accumulate in the reguiscd
areas followng priming of the plant’s defences. Seme are phytotoxic at concentrations
which inhibit pathogen growth. The accumulation of these anti-microbial defence
substances has been demonsiraied in at least seventcen plant famitics (Coxon, 1982,

Ingham, 1982; Knc, 1982).

In all rcported cases phytoalexin accumulation is not delermined by the presence or
absence of certain genetic inforimation required for synthesis (Kic and Rush, 1985). This
is therefore compatible with the hypothesis that all plants contain the genetic information
reqquired for disease resistance. Phyloslexins are degraded by both plant and microbial
cnzymes and therefore their accumulation 1s 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 of necrosis as a result of either a biotic or an abiotic agent,

which relcases a nonphytotoxic substance. The second phase is the movement of the
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nonphytotoxic signal to heaithy non-infected plant celis which then primes them for

phytoalexin synthesis, shoutd it be required (Caruso and Kée, 1977, Bailey, 1982).

1.7.2  Lignification

The process of lignification shares similarities with phytoalexin accumulation. Like
phytoalexin accurauiation it is brought about by stimwulation of the phenylpropanoid
palhway, vesulting n the formation of sinapyl and coniferyl alcohals. A free radical
reaction involving water and peroxidase results in their polymerisation.  This

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

Lignification can restrict pathogen growih in a number of ways:

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

2. Reduce the susceptibitity of host cell walls to degradation by extracelhilar cnzymes.
3. Restrict the diffusion of pathotoxins and nutrients,

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

(Kiic, 1983).

In cocumber resistant to Colleforrichuim lagenarium, lignification occurs rapidly aficr
penetration by the pathogen in numcrous cells arcund the site of pathogen attack. In
susceptible cucumber lignification is also observed, but i is defayed until the pathogen
has ramified through the host cells and 1t is diffuse and weak (Flarumerschmidt and K,
1980). However, i susceptible plants which have had an immunising tecatment with
Colletotrichum lagenarium, lignification is much more rapid, jotense and iess diffuse

than in non-unmumised plants (Haminerschmidt and Kae, 1980), indicating that
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lignification is involved in SAR. 1t is reported that chitin, a component of the cell wall of
many fungi, acts as an elicitor of lignificarion (Pearce and Ride, 1978} and as a wnatrix for

lignification (Seigel, 1957).

Lignification can thercfore create a very hostile environment for plant pathogens, In
summary, it generates highly toxic phenolic lignin precursors, toxic frec radicals,
ligmfication of the pathogen, binds fung: 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 wduced by SAR is strong, much, as yet, is

circumnstantial.

1.7.3  Papillae Formation and Callose Depaosition

Papillac arc cell wall appositions latd down 1 response to attempted penetration by both
fungal and bacterial mfections. At the sie of aftempted penetration the germ-tube tip
swells and adheres to the host. 1a a bid to prevent peneiration, the host deposits a papilla,
a host-produced matnx which contains primarily callose. The papiila will slow down the
rae of penetration by the pathogen, possibly by physical impedance. This has been
extensively studied and papilla formation comcides with failed fungal penetration, and

resistance 18 associated with the chemical composition of the papilia. Callose is a -1 3-

finked glucan witich again is laid down in response 1o pathogen attack or wounding,

Callosc formation and papilla deposition were studied in isogenic lines of barley, one

£

contating the /-0 mutation for powdery mildew resistance, together with an ichibitor of

callosc formation (Bayles ctal., 1990). It was found that treatment of the resistant barley

coleoptile with the whibitor decreased the formation of callose-containing papiltae and
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thus increased the efficiency of penetration by the powdery mildew fungus. Time course
studies of papilla deposition revealed that the deposition was actually delayed and those

which were laid down were breached by the pathogen, bul those laid down carly were rot.

1.7.4  Hydroxyproline-rich Glycoproteins

Hydroxyproline-rich plycoprateins (HRGP) are an witegrai part of plant cell walls which
form approximately five to ten percent of the dry weight of the plast cell wall mass (Saucr
et al., 1990). Monomeric HRGPs are secreted into the ccll wall spaccs and rendered
insoluble by cell wall bound peroxiduses via the formation of isodityrosine linkapes
(Cooper and Vamer, 1983). Esquerré-Tugayé and colleagues (1979) showed that 1RGP
levels increased following mfection of a pathogen known to induce resistance. (' Connell
et al. (1990) have shown by unmumnocytology, using a gold-fabelicd antibody raised
against a major HRGYP fraction of melons, that in melon noculated with Psendomorias
syringae, HHRGPs accumulate m the walls of living cells which are adjoined to dead
hiypersensitive cells durmg resistant reactions. These data suppoit the role of HRGFs in
defence. One possible function 1s that they provide a template for callose deposition in

papiilac (0’ Connelt et al,, 1990},

1.75  Chitinase Activity

1t has been reported that some plants exhibit an mercase i chitinase activity in response

to infection by fungi, bacteria and viruses (Métravx and Boller, 1986; Métraux et al.,

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

do not contain clutin. Chitinascs have been found constitutively in cereals (Schlumbaum
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et ab., 1986; Ride and Barber, 1990). Two rcasons for their possible ingportance in host
parasite refations arc:

A- Chitinases are potent mhibitors of fimpal growth (Schiumbaum et al., 1986)

B- The chitin oligomer released may act as an clicitor of ligmification (Ride and Barber,
1690)

This is analogous to the action of polygalacturonase wiich celeases palacturonate
oligomers, which are phytoalexin elicitors. It was shown by Metraux and Boller (1986)
that chitinase was uduced n cucumber exhibiting SAR by up to 100 times the base leve,
tollowing an inducing inoculation of Colletotrichum lagenarium. The same authars also
reported clevated levels of chitinase, in cucuniber plants, treated with known elicitors of
SAR. The lcvet of induction was reported (o be of a similar magnitude to that induced by
the C. lagenarium. However, the extont to which chitinase is directly involved in SAR

has not been thourghiy investigated. Tlus is an area tor future research.

1.7.6  PAL and Peroxidase Activity

PAL and peroxidasc are the cnzymes which catalyse the primary reaction from
phenylalaniue (Stafford, 1974) in a pathway which leads to cinnamic acid CoA esters,
and 1s important in maiy other plaut processes mchuding the final step in lignin synthesis

from cmnainyl aleohols (Nortlicote, 1985).

Peroxidases are present in both ionicalty and covalent forms beund to cell walls, as well
as m a soluble state. Associated with the induction of resistance in tobacco and cucumber
is a three-fold increase m peroxidase activity (Naldony and Sequeira, 1980
Hammerschimidt and Kac, 1980). This s systemic and is observed in tissue which 1s

digtant from the inducer (reatment ({{anunerschmidt et al, 1982). Peroxidasc activity




incrcased sonier in wmdneed than in non-induced tissuc afier challenge. Enhuanced activity
may also be attributed to an increase in the aclivity of several peroxidasc isozymes
(Hammerschmidi and Kne, 1980). In many cascs peroxidase activity i untreated plams
will overtake that in immunised tissues after challenge, It is likely that in vutreated plants

the response 1s imbated later and less strongly.

It 15 inicresting to note that breatment of cucumber with ethylene also mereases the
peroxidase level as docs the onset of senescence. However, in neither case 1s disease
resistance induced. For mduction of resistance enhanced peroxidase aclivity may require
an mcerease or a non-linuting supply of both hydrogen peroxide and a hydrogen donor.
Senescence and treatiment with ethylenc both fail to provide an adequate supply of these

compounds (Kitc, 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 of plunt cells in
contact with the pathogen at this stage. This rapid and early increase suggests that the
changes are induced before appressorium development (MeKeen and Rimmer, 1973) and
papilla formation. It would appear from the evidence available that the presence of a

germinating spore on the Jeaf surface is all that is required to induce the host respous.

1.7.7  Lipoxygenase Activily

Lipoxygenase catalyses the wcorporation of molecular oxygen into polyunsaturated fatty

acids, such as linoleic acid and linolenic acid, the result of wluch is a conjugated

hydroperoxydiene.  Lipoxygenase i1s widespread in the plant kingdom (Shimura et al.,

1983), and to date sixty plant famibes have been reported to contain the enzyme.
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Increased lipoxygenase activity was dewovstrated in @ number of plant-pathogen
interactions (Croft et al., 1990; Lupu et al., 1980). The products of lipoxygenasc activity
may contribute o liost defenee i a number of ways, including:

A- By direet inhibition of pathogen growth (Namai ct al., 1990; Oota et al., 1990)

B- Induction of phytoalexin accumulation (Li et ab., 1991)

C-The Turther synthesis of compounds such as jasmonic acid, with the potential to act as

signal messengers (Anderson, 1989; Saltet al., 1986}

Early events in the inoculated leaf wlnch occur prior to the onset of systemic resistance
may have a role to play n 1ts .establishment. These changes mclude early alterations it
plasma membrane potential (Maycer and Ziegler, 1988), increased membrane permieability

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

Avdiushko and co-workers (1993) found a significant increase in lipoxygenase activity in
plants expressing SAR. They found ali three inducers they tested resulted in clevated
levels of lipoxygenase, 2, 3 and 4 days after induction. The increase in Jipoxygenase
activity preceedes or coincides with the onset of tnduced resistance, therefore it may be of
importance in SAR. The systemic enhancement of hpoxypenase activity following
mducer treatment with either pathogens or abiotic agents had not previously been

reporied,

1.7.8  f-1, 3-Glucanase Acnvity

[t bas been reeognised for a number of years that many higher plants accumulate S-13-

glucanasc w1 response to pathogen attack (Ferraris et al., 1987; Joonstop and De Wi,

1989; Kauffinan ct al., 1987), treatment with elicitors of resistance (Kombrink et al.,
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1988) or exposure to other stresses (Mauch and Stablin, 1989). In 1987 Kauffinan and
co-workers ideniificd four induced PR-proteins as 8-1,3,-glucanases. It was rcported that
f-1,3-glucanases hydralyse B-13-glicans, which are celi wall components of many
pathogenic fimgi (Bartinicki-Garcia, 1969). Consequently, it was suggested that they
have an important role to play in plant defence against pathogen attack (Bollter, 1987;
Vogeli et al., 1988). The enzymes hydrolyse fungal ccll walls (Boller, 1987: Young and
Pegg, 1082) and also release oligosacchardes capable of elictting phytoalexin production

(Keen and Yoshikawa, 1983; Keen ot ab., 1983).

Mauch et al. (1988) demonstrated that in some instances f3-13-ghicanases work
synergistically with chifinase. This is also true for plants which have been systemically
protected (Pan ct al., 1989, 1991). A number of reports indicate mcreases in §-1,3,-
glucanases associated with the onset of resistance (Pan et al., 1991; Wyatt cr al., 1991;

Schneider and Ullrich, 1994},

The prnciple of SAR presents modern plant pathologists with some interesting
possibilitics for the control of plant disease, as weell as for paining a deeper insight into the
disease resistance mechanisms operatioual 1 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 runge of

pathogens. Finally, the svidence indicates that SAR is responsible for the activation of

multiple disease resistance mechanisms. Thus 1l is fess likely the pathogen will overcome
this form of resistance, as is the case with resistant varietiss and modurn single site

fungicides.
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1.8 Salicplic Acid

Many centuries before moderu medical scientists identfied the multiple therapeutic effects
of salicylates, the inhabitants of the old and rew world independently obszerved that the
bark and leaves of Sglix cured fevers and general aches. T 1828 a German. Johann
Buchner, successfully isolated a tiny amount of salicin- salicyl alcohol glucoside, the
major saticylate in willow bark. The salicylate was named salicylic acid in 1838, the

name derived from Safix, the Latin name of the willow tree. Conunercial production of

synthetic sulicylic acid first began in Germany in 1874, Tn 1898, the Bayer company
mtreduced Aspirin, the trade name for acetylsalicylic acid, which went on to become one

of the world’s best sefling drugs.

1.8.1  General Properties of Suficylic Acid

Salicylic acid belongs to a diverse group of plant phenolics. Free salicyhc acid is a
crystalhne powder with a2 meltiug pont in the range of 157-159°C.  According to a
mathetnatical model developed in 1988 (Hsuvand and Kleier, 1990: Kleicr, 1988), thc
physical properties of salicylic acid |pKa=2.98;, Mimick and Kilpatrick, 1939 and log
Kow (octanol/ water partitionipg coefficienty=2 .26, Hansch and Anderson, 1967] make it
ideal for long distance transport in the phlocm, It is possibls ta assume therefore that
unless salicylic acid is actively transported, metabolised or conjugated, it should be
translocated {rom the imiial pomt of application or synthesis to distant tissucs. This is
further supported by hydrolysis studics (Enyedi et al, 1992; Malamy et al., 1992} which
icvealed  the  presence  of comugated salicylic  acid, most likely O-R-D
elucosylacetylsalicylic acid in TMV treated plants. Such comjugates have not been

detected in the phloem exudates or uninoculated tissues of TMV treated plants (Enyedi ct
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al., 1992), thus supporting the hypothesis that salicylic acid is transported as the free
acid. Tt is possible that conjugation of the salicylic acid by an inducible UDP-glucose-
salicvlic acid glucosyltransferase provides the mechamsm for repulating salicylic acid

levels during SAR.

1.8.2  Salicylic Acid Levels in Plants

Although it has long been suggested that salicylic acid is present io plants several
investigations using modern analylical technigques have verificd this (Baardscth and
Russwurm, 1978; Metraux and Boller, 1986). Raskin et al. (1990) camried out a
compreheasive study of salicylic acid levels in leaves and teproductive struciures of over
thirty of the most agronomically important plant specics. This study confirmed the
ubiquitous distribution of this compound in plants, with rice, crabgrass, green foxtail,

barley and soybean ali recording levels in exeess of g g-! fresh weight.

Y83 Lffects of Exogenously Applied Salicylic Acid

The first report of salicylic acid being involved in the regulation of flowcring in planis

foliowed an experiment m which aphids were allowed to feed on the vepctative and

repraductive structures of the short day plant Xanthium strumarum.  Cletand (1974)

hiypothesised that the phloem-transmissibie factor responsible for inducing flowering
could be found in the honeydew excreted by aphids. Flower inducing, as well as flower
inhibiting components, were identified in the collected honeydew. It was concluded that
the flower mducing factor was of plant origin, since the aphids being fed synthetic diet
produced hoveydew which was lacking the flower inducing substance. The substance

responsibie for promoting flowering was subsequently identified as salicylic acid.
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Reports soon followed of the florigenic cffets of vxogenous salicylic acid on Lemnaceae
and plants of different familics. The mechanism by which salicylic acid induces flowering
in plauts is nat yet known. One popular hypothesis is that salicylic acid mduces flowering
by acting as a chelating agent, since the free Q-hydroxyl group confers metal chelating
activity on the benzoic acid (Qota, 1975). This hypothesis is further supported by the fact
that chelating agents are able to induce {lowering in Lemnaceae (Oota, 1972; Scth et al
197(0) and the induction resembles that induced by salicylic acid (Pieterse and Miiller,

1977).

Certain plants excrele allelopathic chemicals m the thizosphere 1o prevent germination of
seeds or inhibit growth of neighbouring plants (Einhellig, [986). I has been suggcsted
that salicylic acid 13 one such allelopathic chemical, Salicylic acid reduces shoot dry-
weight accumulation in scveral crops and weed species (Shette! and Balke, 1UR3),
possibly by interfering with the membrane ion transport in toots (Glass, 1973: ITarper and

Balke. 1931).

Concentrations of salicylic acid, between } and 10 mM, significantly reduce transpiration
in kidney bean (Phaseolus vulgaris) leaves (Larque-Saavedra, 1979) and in epidermal
strips of Commelina comnmpis (Larque-Saavedra, {978), though because of the
relatively high concentrations used it is ualikely that salicylic acid has any significance for
the physiological regulation of stomatal behaviour. Salicylic acid also significantly
increased pod number and yicld 1o raung beans (Singh and Kaur, 1980) and increased
grain number and height of chena millet, Panicum milaceum (Datta and Nanda, 1985).
At concentrations of between 0.0] and 0.05 mM salicylic acid stimulates the in vivo
activity of nitrate reductase i maize seedlings, possibly indirecily, by protecting the

enzyme from inactivation,
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1.8.4 S‘ah‘cyﬁc Acid Biosynihesis in Plants

Plants are most likely to synthesise suiicy-iic acid from cinnamic acids, important
intermediates m the shikimic acid pathway (Gross, 1981; Taslam, 1974). Salicylic acid
could therefore be viewed as a denvative of cinmnmic acid. The couversion of clinammic
acid to salicylic acid iy likely to proceed via oue of two pathways as outlined n Figure 1,
These twa pathways differ m the order of B-oxidation and ortho-hydroxylation and it is

feasible thal both operate independently 1 plants.

Work by Chada and Brown (1974} first suggested that both .pathways were operational,
following the obscervation that the infoction of young tomato plants with dgrobacterium
tumefaciens mereased the ortho-hydroxylation of cimpamic acid.  However, in non-
mfected plants it was 1'th; cinnamic acid— benzoic él.cid-w> salicylic acid pathway swhich
was most achive.
Shikimic Acid
g
Phenylalanine

o-Coummarie Acid

/
..

Trans-Cinnamic Acad” ' Salicylic Acid

~ A

Benzoic Acid

Figure 1. Proposed pathway for salicvlic acid biosynthesis
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1.9 Merthyljasmonate

Jasmonic acid {3-0x0-2-(2°-cis pentylj-cyclopentane-1-acetate] and its methyl ester are
naturally cccurring compounds found m many plant species (Vick and Zimmerman, 1984,
Stasﬁrick, 1992). Methyljasmonate was first 1solated as an odiferous component of the
essential oil from Jasarinium grandifiorwn 1. (Demole et al., 1962). Farly interest in
these compounds centred around their fragrant properties, and methyljasmonate has
subsequentty become a major constituent in the perfume industry. More recently,
jasmonic acid and roethyljasmonate have been subject to more detailed studies by plant
physiologisis, whe have shown that both these compounds have plant growth-repulating
properties (Dathe cl al., 1981; Uedo and Kata, 1980; Uedo and Kato, 1982; Yamme et

al., 1981), though the general opinion points to their primary action at gene level.

1.9.1  UGeneral Properties of Methyijasimonate

Methyljasmonate is a volatile, oxygenated fatty acid lipoxygenase product of knolenic
acid, which is a liquid at room tcmperature. It cxists as a (-} aud a (+} epimer. (-}
methyljasmonate has the trans configuration of the side chains, with respect to the plane
of the ring, and the (+) epimer has the cis configuration (Demole et al., 1962). Tn Vick
and Zimmerman’s study of plant tissue, results indicated that the cis configaration of the
side chains was maintained throughout the conversion from 12-oxo-phytodienoic acid to
jasmonic acid (Vick and Zimmerman, 1994). Thus, it is believed that the cis
configuration is the naturally occurring stereoisomer of jasmonic acid. Further support
for this hypothesis comes from work by Gundlach et al. (1992) which shows the (4)

epimet to have the higher biological activity.
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1.92  Methyljasmonate Bivsynthesis in Plants

The proposed biosynthesis of jasmonic acid aund its methyl ester begins with a-lmelenic
acid and.proceeds through the octadecancid products 13(S)-hydroperosy-linolenic acid
aud 12-oxo-phytodiencic acid (Vick and Zimmerman, 1934, 1986: Fig 2). Since a
lipoxygenase catalyses the first conunitted step of the biosynthetic pathway, that is, it
converts w-linolenic acid to 13-(S)-hydroperoxy-linolenic acid, potentially jasmome acid

or methyliasmonate could affect their own biosynthesis (Grimes ot al., 1992),
CiallsO: (Jipoxygenase)
l
CeFlnOy
Hydroperoxide Cyelase
CieH3005 (12—oxo—cis—cis—1{),15-phytodi@mic acid)
C}Ri’zg()j; -

Series of B-oxidation

Cyallj304 (Tasmonic Acid)

Fig 2. The proposed route for biosynthesis of jasmonic acid from linolemc acid
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1.9.3  Effects of Exogenously Applied Methyljasmonate

Exogenous application of methyljasmonate elicits a variety of physiclogical responses in
treated plants. It promoles stomata closure {Curtis, 1984), accelerates leaf senescence m
barley and oats {Uedo and Kato, 1980; Weidhase et al., 1987), ethylene production in red
and green tomato fruits (Saiewskl and Czapska, 1985), tendril coiling in wild hops
(Falkensicin et al., 1991), and it can also alter gene expression by the rapid induction of

protein synthesis (Curtis, 1984; Weidbase, 1987).

An increase in the expression of genes assoctated with the synthesis of defence related
componnds have been noted following methyljasmonate treatiment (Gundlach et al., 1992).
Soybean ccll suspension treated with 250uM methyljasmonate exhibited a detectable
increase in the level of phenylalanine ammonia lyase (PAL) poly (A) + RNA which was
reflected in a significant increase in PAL activity. Tomato leaves exposed to gaseous
methyljasimonate responded i a similar manner to those which had resistance induced by
inscet  feeding or wounding (Farmer and Ryan, 1990). The accumulation of proteinase
inhibitors i rcsponse o this treatment was greater than the detectable lovel afier
mechavical mjury (Farmer and Ryan, 1990). Application of linolenic acid to tomato
lcaves induccs the same set of proteinasc inhibitors, sugpgesting that the pathway of

Jasmonic acid biosynthesis is constitutively cxpressed (Farmer and Ryan, 1992).

1.94  Merhyljasmonaie Levels in Plants

Work by Gundlach et al. (1992) indicales that methyljasmonate is partially hydrolysed to
frce jasmonic acid in the plant by endogenous esterases. This suggests therefore, that

exposurc of plant tissue to exogenous methyljasmonate results n an endegenous increase



in jasmonic acid levels. At present little is known about the actaal alterations in the levels
of either methyljasmonatc or jasmonic acid following pest or pathogen attack. However,
cell suspension culturcs of Reuvolfia canescens L. and E. californica treated with elicitor
derived from yeast cell walls exhibited an increase m the endogenous levels of both
methyljasmonate and jasmonic acid (Gundlach ef al,, 1992). The basal level of jasmonic
acid increased from 250 ng/p dry weight to 1370 ng/g dry weiglt 1 a 45 minute period

i.e. a 5-fold increase.

Tasmonic acid is pliloem mobile (Anderson, 1985). Its phloem mobility combined with its
activation of proteinase inhibitors in distal leaves indicates that it is possibly a signal

molecule suitable for transport throughout the plant,

1.9.5  AMethyliasmonate as a Systemic Signal

In an attempt to verify that methyljasmanate was a systemic signal, possibly in systemic
protection against insects, Farmer and Ryan (1992), exposed a single leaf of a two leaf-
stage tomato plant to methyljasmonate. Proteinase inhibitors I and 11 accumnulated n
treated distal lcaves and mRNAs for these proteinasce inhibitors accumulated in untreated
distal leaves of the methyljasmonate treated plants. Application of jasmenic acid also
resulted in the accumulation of proteinase inhibitors [ and I (Farmer and Ryan, 1992).
Methyljasmonate is also capable of mducing the systemin gene, a peptide shown to posses
a hormone-like reguiatory function in plants (Farmer and Ryan, 1992). It is possible that
methyljasmonate induction of gene expression is a primary step in the signal transduoction
pathway for the induction of proteinase inhibitors. It 1s also possible that due to the cffect
of methyljasmonate and jasmonic acid on the transcription of proteinasc I and 1 mRNAs,

the process is systemin mediated. However, before any firm conclusions can be drawn, it
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is imperative to determine whether physiologically relevant concentrations of
methyljasinonaie or jasmonic acid hberated from plaut tissues are capable of increasing
resistance to pest and discase damage, and also whether systemin and

methyljasmoenate/jasmonic acid share the same transduction pathway.

1.10  Potassivun Phosphate

1.10.1 General Properties

Potassium phosphate 1s a white water-sotuble crystalline powder at yoom lemperaturc

with a molecalar weight of 212¢g.

1.10.2  Potasstum Phesphate Production

Production of potassium phospbate was very limited in the carly 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 potassiumn chloride in a heated rofary drum (Ewait and
Raitt, 1969). This process yields approximately 445 kg per hour. Other companies are

mvolved in developing new techniques for the production of potassivn phosphate.

1.10.3  fixogernous Application of Puiassium Phosphate
The cxogenous application of potassiom phosphaic nduces systemic protection against a

number of plant pathogens (Walters and Murray, 1992; Reuveni et al., 1994; Gottstein

and Kiic, 1989). It was suggested that potassium phosphate works on a similar principle
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to oxalates (Gottstein and Kac, 1989), that is by sequestering calcium from host tissues.
The sequestration of calcium may affect celi membranes, destroy cell
compartmentalisation and cause the syithesis or release of hydrolytic enzymes. These
enzymes may then aclt on cell walis which have been rendered more susceptible to
enzymic attack by the removal of calcium. The oligosaccharide or polygalacironase
formed may function as the translocated alatm signal for induced resistance or cause its

relcase.

1.10.4  Potassium Phosphate as a Fertiliser

Reuveni et al. (1994ab) reporied that o addition to inducing acquired resistance in
cucambers, potassivm phosphate also stinmlated a significant increase i plant growth.
This phenomenon was also obscrved in maize treated with potassiuun phosphate (Reuven
et al,, 1992). The effectiveness of loliar fertilisation 1s limited by several factors, which
include poor nutrient uptake due to leaf surface tension and inability to supply the nutrient

in Jarge cnough quantities.

1.11 Objectives of The Project

Although, to date, a substantial amount of research into the phenomenon of systemic
acquired restslance has been carried out, little has been focused on the inferaction between

barley and Erysiphe gramirnis. 'Yhis s surprising in light of the fact that barley is the

worlds fourth most important ccreal,
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This study was initiated with Lthe aim of fulfilling four primary objectives. These are:

1. To dotermine the fundamental requirements for optitaal induction and mamtenance of
SAR in batley.

2. 'I'o assess the viability of induction of SAR as an alternative, in the field, to proprietry
chemicals and the asscss the effect on yicld.

3. To assess the cffccts on growth brought about by induction of SAR aod challenge-
inoculation,

4, To pertorm a preliminary investigation into enzyme activity in plants exhibiting SAR,
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2 MATERIALS AND METHODS

2.1 General Materials ard Methods

2.1.1  Growth and Maintenance of Barley Seedlings

Seeds of barley, cultivar Golden Prormise, woere sown individually inlo FP9, 9 cm polts,
filled with Levington M3 coinpost. The pots were arranged on trays and placed o a
ventilated glasshouse. Plants were watered daily with no supplementary nutrition being
supplicd, The average daytune temperatore in the glasshousc duting the coursce of the
experiments was 22°C, with a maximum of 253°C. Average uight tume temperature el to
between 14°C and 17°C. Natural daylight was suppletnented by growing plants under
400W mercury vapour lamps, to provide a 16 hour photoperiod. Mean irradiation in the

glasshouse at midday was 600 pmol m-? s-' phiotosynthetically active radiation.

2.1.2  Inoecwlation and Maintenance af Powdery Mildew

Barley powdery mildew was maintained on stock barley plants grown in the glasshouse
vnder the conditions outhned in section 2.1.1. Mildew conidia were gathered by gently
brushing the upper surface of infected leaves with a fine camel hair brush. The brush was
then very gently brushed across the leaf surfaces to be inoculated. This method of
inoculation was prefered to the use of a settling tower, since if was more rapid and it
consistently provided an inocuhum density on leaves of approximately 35 mildew conidia

pet om-2.
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2.1.3  Induction of Systemic Protection

Inducing agents were preparcd as millimolar solutions i distilled water, containing 0.01%
(v/v) Tween 20 (BDH Chemicals) to act as a surfactant. Systemic protection was clicited
by painting the appropriate leaf with the required conceatration of the chemical. As a
means of applying inducing treatments, painting was ideal, since it allows a single leaf to
be treated withont accidental treatment of other leaves. Systemic protection was elicited

by trealment of the lower leaf in each case unless otherwise siated.

2.1.4  Challenge-Inoculation of Systemically Protected Planis

Plants were challenge-inoculated with mildew spores cotlected as outlined in section 2.1.2.
The conidia werc gently brushed onto the upper surface of the leaf immediately after they
bad heen gathered as described n section 2.1.2. The stock plants were brushed to renove
old spores 24 hours prior to them betng used for challenpe-inoculations, thus ensuring a
supply of young viable spores for use in experimental work. Challenge-inoculation was

of the second leaf, unless otherwise stated.
2.1.5  Assessment of Mildew Infection
The level of mildew mfection was assessed as a percentage of the whole leaf area infected

with powdery mildew myceliom. The assessment was visual using a standard area

diagram (MATT, 1988).




2.1.6  Growth and Maintenance of Iungal Cultures

The plant pathogen Crinipellis perniciosa (cause of Witches broom. disease of cocor) and
Pyrenophora avenae (cause of tice blast) were maintained by subculturmg every 14 days
onto potato dextrose agar plates. Culturcs were routincly mcubated at 21°C £ 1°C, in the

dark.

2.0.7  Protein Assay

The protein content of plant samples were determined using the methed developed by

Lowry et al., (1951).

2.1.7.1 Prepuration of Protein Assay Reagenty

The following reagents were prepared for usc in the assay:

A- 20g anhydrous Na,C(Q4 in 1 litre 0.1M NaOH

B- 0.5% (W/V) copper sulphate solution

C- 1.0% {(W/V) sodiumn potassium tartrate salution

D- A preparation of A:B:C, 48:1:1 was made immediately before use

E- 50% (V/V) solution foline-ciocalteau reagent

2.1.72 Protein Assay Technigue

0.25 ml of reagent D was added to a 0.25 ml sample of crude enzyme cxtract and

incubated at room temperature for 15 minutes. 0.25 ml of reagent E was added to the
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reaction mixture, shaken and then incubated for a further 30 minutes, thus allowing the

colour to develop. Absorbance at 700 nm was recorded on a Gallenhamp Visi-Spec.

2.2 Experimental Muterials and Methods

2.2.1  Screening of Various Concentrations of Potential [licitors of Systemic

Protection

The initial screening programume was carried oul in order to determine the concentration
of each test chemical which gave the highest level of systemic proiection. Each chemical
was tested at four concentrations. Plants were grown as described in section 2.1.3. ‘the
chemicals used and concentrations {ested arc listed below:

Salicvlic acid- 5, 10, 15, 20 M

Sodium salicylate- 5, 10, 15, 20 mM

Acetylsalicylic acid- 5,10,15,20 mM

Poiassivm phosphate- 15, 25, 35, 50 mM

Methyljasmonate- 5,10,15,20 mM

Isonicotinic acid- 0.1, 6.2, 0.3, 0.4 mM

Chitosan-0.1, 0.2, 0.3, 0.4 %

First leaves were treated with the appropriate compound as described in section 2.1.3.
Conlrols were treated with distilled wafer containing 0.01% 1'ween 20, The barley plants
were challenge-inoculated with mildew conidia 24 hours after treatment as outlined in
section 2.1.4. The plants were then grown for a further 10 days before mildew infection

was assessed as described in section 2.1.5.
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222 Optimal 13me Interved Between Inducer T'reatment and Challenge-Inoculation

Based upon the results of the imitial screening, thres compounds were selected for more
detailed study. It was then essential to estabhish the optimal time interval between
treatment of the lower leaf with the chemical and chalienge-inocuiation of the upper leaf

with mildew required for maximum protection.

The plants were grown as descxibed in section 2. 1.1, The first leaf was painted with the
appropriate concentration of the compound as described in scction 2.1.3 and challenge-
moculated with powdery mildew 1, 2, 3, 4, 7 and 12 days later. The plants were grown
for a further six days in the glasshouse before visually asscssing the percentage leaf area

infected with powdery mildew.

Due to the nature of the cxperiment a separate control was nsed for cach time interval

studied.

2.23  Lffect of Light on Systemic Proteciion

As discussed in section 1.3.4.2 of the mtroduction, light plays an mmportant role in the
synthesis of metabolites which are subsequently utilised in encrgy demanding defonce
processes. It was scen as cssential therefore to determine the cffect of light on the
development of systemic protection. Work by Lozano and Sequiera (1970) on tobacco

indicated that the degree of protection is directly proportional to the iength of photoperiod.

Planis 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. Inducing 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 of 22°C
during the light period and 14°C during darkness was maintawed, Mean irradiation
throughout the period of. light was 400 pmol m-2s-*. 'The photoperiods examined were 7,
12, 16 and 20 hours. The plants were grown under these conditions during the period
between clicitor treatment and challenge-inoculation and then for a further 10 days before

assessing the percentage of the leaf arca covercd by mildew infection.

Due to the nature of the experiment each photoperiod required a separate control.

224  Effect of Temperature on Systermic Profection

It has been documented that induced systemic profection is highly temperature sensitive
(Klemenl and Goodman, 1968).  Four temperature regimes were examuned.  The
temperatures of 10, 17, 22 and 35°C were examined. The plants were grown under these
condittons from elicitor treatment nntil assessment.

When the seedlings reached growih stage 13 (Zadoks et al., 1974), [irst leaves were
painted with the chemical and the second leaf challenge-moculated 2 days later with

mildew conidia. Powdery mildew infection was assessed 10 days later.

Due to the nature of the expermnent, a separate control was used for cach of the

temperature regimes stadied.
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22.5  Direction of Signal Movement

It has been widely docunented that the signal for the induction of systemic protection
moves from the inducer leaf to the upper portion of the plant via the phloem. Little
evidence cxists for the movement of the signal downwards, thus protecting the portion of
the plant below the inducer feaf. It is important, in terms of potential usage in the ficld, to

establish whether any downward movement exists.

Seedlings were grown as described in gection 2.1.1 unui they had reached growth stage 31
(Zadoks et al., 1974) i.e. uutil they had six fully developed leaves. At this stage, the three
upper leaves were painted with the appropriate chemical and 48 hours later the three
Jower leaves were challenge-inoculated with powdery mildew. Mildew infection was
asscssed 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 third lowest. Each leaf was tagged as it was

treated in order to avoid possible confusion during the conrse of the experiment.

2.2.6  Duration of Systemic Protection

There arc reports that SAR can persist for prolonged periods during the life of a plant,
e.g. in cucimber, where SAR to infoction by Colletotrichum lagenarium was shown to
last for 10 weeks (Dean and Kuc, 1985). Such long-lasting protection against pathogen
infection would be of considerable advantage in crop protection programmes. [t was
important therefore to examine the longevity of systemic protection induced by the apents

used in this study.
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The plants were grown as described in section 2.1.1 until they reached grow{h stage 13.
‘the leaf which had just cmerged (leaf 2} was then tagged to ensure the correct leaf was
challcnge-inoculated and subscquently assessed, The tagged leaf was challenge-noculaied
with mildew 48 houss later. 7, 14, 21, 28, 35 and 42 days post challenge-inoculation, the

iagged lcaf was visually assessed to determine the level of mildew infection.

227 Effeet of Delaying Challenge-Inocutation on the Muognitude of the Systemic

Protection Resporise

Tt has been reported by Kuc and Co-workers (1977) that cucumbers may be challenge-
inocuiated as much as 2 weeks after trealment with the inducing agent and still exhibit
systemic protection. The ability to obtain systemic protection several weeks after
treatment will be an important factor in detenmining the efficacy of an inducing agent n

the field.

Plants were grown as described in section 2.1.1 until they reached growth stage 13. At
this stage the first leaf of each seedling was pamnted with the chemical, and the second leaf
was then challenged with mildew at one of six intervals; 7, 14, 21, 28, 35 and 42 days
post-treatment.  The second leaf, which had been tagged, was then visually assessed for

the percentage mildew intection 10 days after challenge-ivoculation,
228 Seed Priming
There have been a limited number of reports regarding the possibility of pre-soaking seeds

as a potential method of inducing systemic protection i plants. [Tf this was possible, it

would provide an easy, convenient method of inducing systemic protection, without the
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neced for aerial application of sprays. Four chemicals were tested using this method of
application: sodium salicylate, methyljasmonate, potassium phosphate, and chitosan.

Seeds were pre-soaked lor varying lengths of time: 5 minutes, 15 munutes, | hour, 2
hours, 3 hours and 6 hours. Lhe treated seeds were then sown as previously described in
section 2.1.1 and allowed to germinate. Once the secdhngs had veached growth stage 13,
the second lcaf was challenge-inoculated with mildew and the plants were then grown for

a further 10 days before visually asscssing the perceotage leaf area infected with powdery

mildew.

Again due to the nature of the experiment it was necessary to employ a set of controls for
cach of the time ponods examined. In control treatments, seeds were seaked, substituting
the chemical with distifled water. From this pomnt onwards the control seeds were treated

n the same way as test sceds.

229  Root Drenching

Further mvestigations were carried out to determine whether it would be possible to
induce systemic protection in barley via the root systom, by applying the chemicals as a
root drench, Plants were grown as described in section 2.1.1 until they had reached
growth stage 13.  The secdlings were then given a 100 ml root drench of the chemical,
madc up in distitled water. The drench was applied at 5 separate intervals: 5, 4, 3, 2 and
| day pre-inoculation of the first leaf. The plants were assessed 10 days after challenge-

inoculation,
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To examine the possibility that volatile resistance-promoting substances might be released
from the jasmonate treated soils, plants in untreated soil were placed in the same chamber
during, and for onc hour following, the treatment process. For the purposes of this text
these plants will be referred to as companion plants. They were then noculated with

mildew and assessed for mildew infection 10 afler challenge-inoculation,

Control plants wore treated in the same way as fest plants, substituting a chemical root
drench with distilled water. Controls were carried out for cach of the time intervals

tested.

2.2.00 Direct Ejffect of Test Compounds on Powdery Mildew Development

Fixperimental work to date has indicated that the reduction wm the level of nuldew mfection
obscrved has been due to the priming of the plants natural defence mechanisms, meaning
thal any subsequent pathogen altack can be dealt with swiftly. It is possible, however,
that the obscrved reduction in the level of pathogen infection may be due simply to the
fungitoxic effect of the chemicals being screened. The three chemicals chosen for detailed
study were therefore tested for any direct effect on the pathogen. The plants were grown
as described i section 2.1.1 under optimal conditions as determined by the results of
sections 2.2.3 and 2.2.4. At growth slage 13 (Zadoks et al,, 1974), the plants were

treated as described below.,
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2.2.10.1 Fungitoxicity Test One

The sccond leaf of barley scedlings was inoculated with mildew comidia. One day later
the inoculated seedlings were then sprayed with the appropriate chemical.  Mildew

infection on this leaf was recorded 10 days later.

2.2.10.2 Fungitoxicity Test Two

The second leaves of barley scedlings were sprayed with the chemical agents and were
then allowed to dry fully for four hours before they were moculated with powdery mildew
as described in section 2.1.4. Ten days post-inoculation powdery mildev infection was

asscssed.

2.2.11 Antifungal Aetivity of Chemical Elicitors

In addition to examining the direct effects of the chemicals on mildew development on the
leaf surface (see section 2.2.10), it was decided to examine the effects of the compounds
on the growth aof two plant pathogens in vitro. The pathogens tested were Pyrenophora

avenae and Crinipellis periciosa.

Filter-sterillised aqucous solutions (10ml) containing the compounds were added to 14Qml
of sterile PDA at 45-47°C to obtain a final concentration of between 0.1-30 mM (see
Table 4). Control platcs contained PDA only. Sterile media (20 mi) containing the
compound was added ascpticaily to 90 mun single vent stertle plastic Petri dish. To obtain
moculum, a sterile 9 mm diameter core borer was used to remove plugs of mycelium from

the plates of stock cultures. The mycelial plugs were inverted and one was placed in the
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centre of each petri dish. Inoculated plates were then mcubated in the dark at 22°C and
colony growth was measured radially, beyond the 9 mm plug of moculum, 3, 6, 9, 12 and

15 days after inoculation. Results are the mean of 3 replicates.

Because of its oily nature m water, MJ could noi be filter-sterillised. It was therefore
prepared using sterilised pipette tips and sterile distilled water, and it was assumed that
the methyljasmonate was sterile and unable lo support the growth of any microbial

cantaminants.

¥ina! Concentrations of Chemicals in Anunended PDA

3 mM NaSA 0.1 mM MJ 10 mM PP

10 mM NaSA 1 mM MTJ 25 mM PP

{5 mM NaSA 5 mM MJ 35 oM PP

20 mM NaSA 16 mM MJ 50 mM PP
Table 4

2.2.12 Effects of Chemical Elicitors on Irungal Growth in Liquid Culture

The results observed 1 section 2.2.11 were further investigated using potato dextrose
broth as an altcrnative to potato dextrose agar. [Tt is possible that a pathogen prowing on
an agar platc is able to avoid contact with any potentially fungitoxic amendments by
growing as a very fine film across the surface of the plate, the result being apparently
normal growih (Prosser, 1995). It 1s possible to overcome this problem by growing the

fungus in liguid culture on an orbital shaker. The constant motion of the medium within

73




the Mask ensurcs the pathogen is in constant contacl with any chemical amendments. Thus
a more accurate picture of the effect of the amendment on the pathogen is achieved.

Filter-sterillised solutions (10 mi) containing the chemical were added to sterile potato
dextrose broth (140 ml} in 250 ml fasks to obtain the desired concentration. Each flask
was then inoculated with a 9 mm plug of mycelium and placed on a Gallenkamp orbital

shaker (100 rpm) at 22°C and a mean irradiance of 150 (mol m-?s~!. Aficr 14 days, the

fungus was washed in distilled water through a fine mesh sieve and centrifnged at
16,000g for 15 min. The resulting pellet was then weighed. Methyljasmonate was added

1o the flasks as described below (section 2.2.13).

2.2.13 Methyljasmonate Vapour as an Elicitor of Systemic Profection

There is evidence from carlier research by Farmer and Ryan (1990) that paseous
methyljasmonate induced plant defence responses similar o those promoted by msect
feeding or wounding. This hiypothesis was fested in barley by isolating the first leaf from
the rest of the plant in a plastic chamber and exposing it to vapour from either undiluled
methyljasmonate or vapour from 20mM MJ, A cotton tpped applicator soaked m
methyljasmonate was scaled in the plastic chamber beside the lower leaf. The exposure
times tested in this study were 5 min, 15 mun, 30 min, 1 hours and 2 hours. Two days
post-exposure, the sccond leaf was challenge-inoculated with mildew conidia. Ten days
later the second leal was assessed for the percentage leaf area covered with powdery

mildew,

A companion plant was placed at the side of the plastic chamber to ensure no substantial
leakage of MJ was taking place during the exposure times. Thereafter these comparion

plants were treated in the same way as test plants.



Control plants were treated in the same way, replacing the methyljasmonate soaked cotton
tipped applicator with one soaked in distilied water. There after they were treated in the

same way as test plants. A control was uscd for cach of the exposurc times.

2.2.14 Optimal Interval Between Exposure io Methyljasmonate Vapour and Challenge-

inoculation

In order to optimiisc the exposure time of the plant fo methyljasmonate vapour it was
necessary to determine the optumal interval between vapour treatment and challenge-
moculation with nuldew. A number of intervals were examined ranging from a few hours

to several days.

Planis were grown as described in section 2.2.11, until growth stage 13. The lower leaf
was exposed to methyhjasmonate vapour as described o section 2.2.13, for 30 min, The
second leaf was then challenge-incculated at one of the following eight time intervats: 12
hours, 1 day, 2 days, 3 days, 7 days and 12 days afler {reatment. Ten days after
challenge-inoculation the second leaf was visually assessed to determine the percentage of

mildew infection.

Control plants were Ireated as described in section 2.2.13 and were used for each of the

eight tung wtervals fested.

2.2.15 Effect of Methyljasmornate Vapour on Germination of Mildew Conidia in vitro

Following on from the wotk m described section 2.2.10, the direct effects of

methyljasmonate vapour on germination of mildew conidia were investigated in vitro.
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The foliowing technique was not asoptic aad autoclaving was only carricd oat m order to
achieve complete solution of the agar. Tap waler agar was made up to 1.2% W/V,
autoclaved, pourcd mto Petri dishes and allowed to set. The plates were then tnoculated
with mildew at approximately 35 spores per cm? Three replicate plates were used per
treatment.  Open plates were placed mside 2 plastic chamber for thirty minutes, along
with a cofton tipped applicator which bad been soaked in either undiluted
methyliasmonate or a 15mM solution of methyljasmonate. The plates were then
transferred o an incubater and maintained at 22°C i the dark. Twenty-four hours later
the plates weres examined using light microscopy (x 100 magnification) to assess the
percentage germination of the mildew conidia. Each plale was divided o four sections
and 100 spores from each quarter counted and the number which had germinated was

recorded.

Contro! plates were prepared and inocolated in the same way. They were placed in a

sealed plastic chamber along with a cotlon bud which Irad been soaked in distilled water.

2.2.16 Direct Effect of Methvljasmonate Vapour on Mildew Development in vivo

The direct effect on mildew development in vivo from the vapour of both undiluted M
and a 20mM solution was examined. The second leaf of the barley plant was noculated
with mildew conidia as described i section 2.1.2. The inoculated leaf was then exposed
to the vapour from cither undiluted MJ or from a 20mM solution by the technique
deseribed i section 2.2.13, for a 30 minute period. Ten days Jater the second leaf was

assessed for the percentage Jeaf area wiected with powdery mildew.
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Controf plants were treated in the same way, replacing the MJ soaked cotfon tipped
applicator with one soaked i distilled water, Thereafter they were treated in the same

way as test plants,

2.2.17 Affects of Precursors of Methyljasmonate on Induction of Systemic Protection

Against Powdery Mildew

Two precursors of methyljasmonate, linoleic and linolenic acid, werce screened for their
ability to induce systemic protection against batley powdery mildew. The protocot
followed was that described in section 2.2.1 and four concentrations of each were tosted:
0.1, 1, 5§ and 10 mM. Ten days afier challenpge-inosulation with powdery mildew the

second leaf was visually assessced for the percentage leaf area covered with mildew.

Control plants were grown and treated as described, replacing linoleic acid and inolenic

acid with distilicd water containing (1.03% Tween 20.

2.2.18 EKffecis of Two Methyljasmonute Precursors on Fungal Growth on Agar Plates

The effects of two methyliasmonate precursors, linoleic acid and hinolemie 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 in section 2.2 11 was applied throughout.
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2.2.19 Effects of Two Methyllasmonate Precursors on Fungal Growth in Liquid Culture

The cffects of the two methyljasmonate precursors hinoleic acid and hnclenic acid were
further examined on two plact pathegens, iz vitro, in PDB. ‘The pathogens tested were F.

avenae and C. perniciosa.

The methed described in section 2.2.15 was apphed throughout.

2220 Light Microscopy

To further examine the effect of the chemicals on early mildew development, gennling
growth was examincd 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 challengesnocutation the mfecied jeaf was
harvested and divided into segments of approximately 2-3 amn. The leaf sections wers
cleared for one hour, longer if required, at 76°C m an ethanol-chloroform (75:25 V/V)
mixture containing 15% trichloroacetic acid.  The clearing solution was changed at 13
minute intervals. The cleaved leaf scctions were then staived in a dye solution which was
prepared one day prior fo use. lhe dye solution contained one volune 15%
triclloroacetic acid and one volume ¢.6% Coomassie brilhaut blue R-250. Young lcaves

were stained for 15-25 minutes,

Stained preparations were then preserved in a solution of placial acetic acid-glycerol-
water (2:20:75 V/V) on slides, covered with cover ships and sealed in place with nail
polish. If stored 1 the dark, these slidcs rcinain light stable for at least one year. The

preparations were then exanuned under light mmeroscopy (Leitz Dm RB with



photoautomat, Leica, UK. to observe changes in the genmination and fungal development

brought about by treatment with the ablolic agents.

Control plants were grown and trealed the same way, replacing chemical treatment with

distilled water containing 0.01% Tween 20,

222Y Enzyme Activity

In order to further understand the physiological changes in the plant brought about as a
result of treatment with the chemicals three key enzymes associaled with discuse
resistance were studied, peroxidase, PAL and bipoxygenase. "T'he plants were grown as

described in scotion 2.2.1 and whoen they reached growth stage 13 the first leaf was treated

with the appropriate concentration of the chemical. Tissuc from the 1st, 2nd and Jid

leaves of these plauts was assayed at 1, 2, 3, 4, 7 and 12 days after treabment [or
alterations i enzyme activity. T a further set of experiments, when the appropriate
period had elapsed following chemical treatment of the first lzaf, the second leal was
challenge-inocitated with mildew conidia. The vssue of the first, second and third leaves
of these challenged plants were subsequently assayed for alterations m the level of enzyme

activity following challenge-inoculation of inducer treated plants,

22211 PAL Agssay

This assay was bascd on a method described by Scutherton and Deverall (1990). A 250
myg sample of teaf 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 m! aliquot of the homogenate was transferred to a

centrifuge fube and ©0.75 ml supplemented borate buffer containing 3 mM S-
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mercaptoethanol and 3 mM EDTA was added to the homogenate and nuxed thoroughly.
The tube was then centrifupged at 20,000 for 15 minutes at 4°C. The supernatant was

used as the crizyme extract and samples were kept on ice at all times.

A 300 1 sample of leaf extract was incubated at 40 °C with 0.6 ml borate buffer
containing 0.64M L-phenylalanine, A blank with no L-phenylalanine was also prepared.
After two hours thc rcaction was stopped by adding 100p1 6M HCL. The product
(cinnamic acid) was extracted by adding 1.0 ml of chloroforim and mixing thoroughty on a
vortex mixcr. This was thcﬁ centrifuged at 1,300g for 3 minutes at 4°C. A 0.5 ml aliquot
was then taken from the tower, chlorofortn phase. The chloroform was then evaporaied
by blowing nitrogen over the sample and the residue was then redissolved m 0.1 mi borate
buffer (0.1 M, pH 8.8). Absorbance was measured at 270 nm on a Gallenkasnp visi-Spec

spectrophotometer. A standard curve was produced using 0.1-10 ptg/ml Cinnamic Acid.

Enzyme activity is expressed as Mg cinnamic acid/mg protein/hour.

22212 Peroxidase Assay

This assay 1s based on the method described by Southerton and Deverall (1990). A 250
mg sample of leaf tissuc was ground i a cold mortar and pestle with 2.5 ml sodium
borate bufler (0.1M, pH 8.8). A further 0.75 ml sodinm borate buffer was added and
thoroughly mixed with the leaf preparation. A 1.5 ml sample was then transferred to a
centrifuge tubc and cemtrifuged at 20,002 for 15 mnutes at 4°C. The supernatant was

used as the enzyme exiract. Samples were kept on ice until required in the assay.

50 pl of the enzyme sample was added to 2.95 ml supplemented phosphate buffer (0. 1M,

pIL 7.0) containing 0.9 M guiacol and 0.36 &M hydrogen peroxide. Absorbauce at 470
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sm was then recorded for 2 mimuies at 25°C on a Gallenkamp Visi-Spec
spectrophoiomster.  Pretein was determined using the assay described m section 2.1.7 of
the Genera! Materials and Methods {(Lowry et al, 1931) and was carred out

simultancously. Enzyme activity was expressed as the A Abs/mg protein.
22213 Lipoxygenase Assay

This agsay 13 based on the method described by Qcampo et al., (1986). Enzyme cxtracts
were prepared grinding precooled potassinn phosphate buffer (0. 1M, containing 1 mM
EDTA, pH 7.3) with leaf tissue (x ml/ xg) it a precooled morlar and pestle,  Samples
were then centrifuged at 28 000g for 15 minnies at 2°C. The supernatant was used as the

enzyme exact.

The reaction mixtore contained 1 ml cilrate phosphate bufter (0.1M, pH 6.2) and 1001
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 of 20 1l of
enzyime exiract and the reaction was followed for 15 minules at 234 nm using a

Gallenkamp Visi- Spec spectrophotometer.  Enzyme activity was expressed as A Abs/ing

protein.

2.2.22 Growth Analysis of Plants Treated With Chemical Inducers of Systemic

Protection
To further investigate the changes in bost physiology following treatment with the abiotic
inducing agents, a plant growth analysis was undertaken. Planis were grown as deseribed

in section 2.1, T until growth stape 13 was reached. At this point, plants wore treated with
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the inducer of systemic proteciion by painting the three lower leaves with the appropriate
chemiical. Ten plants per teatment were harvested at weekly intervals for a period of
cight weeks. In furlher studies plants were challenge-inocufated with mildew at the
approprale period after inducer treatment, Plants were assessed at weckly intervals
following chialicnge-inocujation, for 4 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 doy with absorbent tissue and weighed immediately. [§ was essential
that this element of the growth analysis was carried out immediately after harvest, since

any delay would resuli in moisture loss.

The total lcaf arca of cach plant was measursd in cny?, using a leaf area meter (Delta
Dovices, 1<), Plant material was then put iito separafe 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 rmlligrams.

From the above measurements 1t was theit possible to caleutate the followiug:

A- FWAY ratio

B- Root/Shoot ratio (Ratio of root dry weight (o shoot dry weight)

C- Relative growth rate (R.G.R}- An expression of growth efficiency

RGR:= In{Wh-ln (W)t
T2-T1
This is measured in mg mg-'day-'.

(W2 and (W) correspond to total dry weights at the times 'I'1 and T2.
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D- Net Assimilation Rate (N A R }- An expression of leaf efficiency

NAR=WL(W)hx In{lLa)-lo (La)
LEI;-L&, T 2"’1‘1

=mg cm-*day-*

E- Leaf Area Ratio {I..A.R.)~ An expression of the leafiness of the plant
L.A R.= Specific Leaf Area x Leaf Weight Ratio
=1 (Lap x(La)
2 (Wh (W)

= cmn-"mg-t

F- Specific Leaf Area (S.L.A.)- An cxpression of leaf density

SLA =(La)

(W) Leaf

G- Leaf Weight Ratio (L.W.R.)- An expression of productive investment

(W) Total Plant
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2.2.23 Ficld trials

Spring barley (cv. Golf) was sown at 12 cm row spacing with a secd rate of 190 kg La-t.
Seed was sow 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 treatimcats were used;

1- Controt- 'These plots were left unsprayed.

2- Tolicur (Baver)- Conlaning tebuconuzole at 250 g/l. This 15 a systeme conazole
fungicide applied at the rate of | 1 ha-'.

3- Corbel (BAST)- Containing fenpropiornorph at 750 g/l. This is a contact and systemic
morpholine fungicide. It was applied at the normal field rate of 11 ha-'.

4- Radar (Zenica)- Contaming propiconizole at 250 g/l. Radar is a systemic, curative and
protectant conazole fungicide. This was applied at the nonmat field rate of 0.5 1 ha-'.

5- Sodium salicylate- Unformulated, 2.4 g in 1 | distilled water contamnmg 4.5 % {v/iv)
Agral 90 (Zcnica).

6- Methyhasmonate ~Unformalated 2.06 mi i 1 | distilled water containing 0.5 % (v/v)
Agral 90,

7- Potassium phosphate- Unformulated 7.42 g in 1 | of distilled water containing 0.5 %

{(v/v) Agral S0,

Chewmicals were applied using an Azo compressed air sprayer with delivery rate of [ 1in

20 seconds and a spray boom width of [.§ M.

Ten plants per plot were assesscd for the percentage mildew infection 7 and 14 days after
each spray. Tollowing the first spray the third leaf’ was assessed. After the second spray

the flag leaf was assessed. At the end of the ipal, plants were harvested and




measurements made of grain weight. Data was analysed statisticaily using analysis of

vatiance.




3. RESULTS



3 RESULTS

3.1 General Screening

311 Sereening of Chemical Elicitors

Screemng, a aumber of chewmicals at a range of concentrations to determine the most
effective elicitors of resistance showed that all concentrations of all the chermcals reduced
powdery mildew infection (figs 3-9). The fargest reductions in mildew were found on
those plants treated with 15mM NaSA, 25mM PP and 20mM MJ. Analysis of variance

showed significaut diffcronces between treatmonts and controls.

3.1.2  Optimal Lag Period

All time mtervals screeped as potential lag periods between elicitor trealement and
challenge-noculation gave significant reductions in the tevel of mildew infection observer
(fig 10). Two factor analysis of variance highlighted significant differences between
treatments and cootrols (fig 10}. The largest reductions were found when there was a 48
hour lag between elicitor treatment of the lower leaf and challonge-inoculation of the

sceond Icaf,
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3.1.3  Optimal Temperature Regime and Lffect of Photoperiod on Development uf

Induced Resistance

Experitnents o investigaie the effect of daylength on the development of acquired
resistance inducated that a 16 hour photoperiod allowed optimal development of
sesistance. This is reflected in the largest decrcase in mildew development (fig 11) . Two
factor analysis of variance showed significant differences between treatments and cootrof.
Studies examining the influence of temperature on the development of induced resistance
showed that 22°C gave the highest levels of svstemic protection (fig 12). Two factor
analysts of variance hiphlighted siguificant differences between treatments and the

controls.

3.1.4  Duration of Induced Resistance

A tailing oft'in the level of protection elicited was observed as the period of time between
clicttor treatment and challenge-inoculation was increased.  The level of protection
observed when a period of 42 days had elapsed between treatment and challenge-
inoculation was still statistically significant in plants treaed with 15mM NaSA or 25mM
(fig £3). Plants treated with 20mM MI no louger gave significant reductions in mildew

control after day 35.

3.1.5  Direction of Signal Movement

[t 1s possible to afford a degree of protection to the area below the inducer leaf of elicitor

treated plants. Thus, all 3 treatments, 15mM NaSA, 25mM P and 20mM MJ  gave
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small, but significant reductions in the fovel of mildew recorded below the indncer leaf

(fig 15). The largest raduction was obscrved 1n plants treated with 20mM MJ.
3.1.6  Seed Treaiment and Root Drenches as Methods of Inducing Resisiance

hmmersion of barley seed In a range of chemicals which clicit resistance in leaves
provided variable results. Afno treatment tine did 15mM NaSA elicit resistance (fig 17}
20mM MJ and 0.1% Ch, at both 5 and 15 minutc treatment times, gave significant
reductions in mildew development (fig 16). After this time no chemicat clicited resistance.
Incrcasing treatment tunes to 180 and 360 minutes leads to an increase in mildew
dcvclobmr::ut on the second leaf, After calculation of the standard errors and examinalion

of the results no further statistical analysis was performed on these data.
3.1.7  Fungitoxicity Screening

When tbe fungitoxicity of the three treatments, 15mM NaSA, 25mM PP and 20mM M],
was tested using the spray/dry/inoculate techiique, there were very large reductions 1n the
level of powdery mildew infuction observed {fig 18). When the inocnlaie/spray technique
was used all chemicals provided significant reductions in mildew developinent although
the reductions observed for 20mM NaSA and 25mM PP with tlus technique were much
smaller than observed with spray/dry/inoculate technique (fig 18)., MJ gave reductions af

a similar magnitade with both technigues,
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3.1.8  Effect af Abiotic Elicitors In Vitre

A range of concentrations of NaSA, PP and MI were all shown to significantly reduce the
radial growth of 7. avenae and C. perniciosa grown on amended agar plates (fig 20-25).
With each of the thiree chenicals examined the lowest concentration had the least effect on
pathogen growth aud the highest concentration the most inhibitory ffect on growth {figs
20-25). The largest reduction in growth, for both pathogens, was observed on plates
amended with 30mM PP (fig 22-23). On these plates no growth was observed for @ days
after inoculation of the plate. 56mM PP reduced radial growth of £ avence by 85% and
C. perniciosa by 83%. The same range of chemicals also gave significant reductions i
biomass production of £. avernaz and C. perniciosa in amended potato dexirose broth (fig
25-26). Ouly the lowest concentration of each chemical, SmM NaSA, 10mM PP and
SmM M, supported pathogen growth. The level of prowth observed at these thres
concentrations was significantly tower than the conirot.  All higher concentrations

nhibited growth completely (fig 25-26),
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FIGURE 3. Effect of treating the Iower leaf of harley with various concentrations of
the chemical Salicylic Acid on the development of systemic resistance in the second
leaf following challenge-inceulation. Results shown are for the final assessmment 10
days post challenge-inoculation. Figures are the means of 10 replicates. Vertical bars

represent the standard crrors.

FIGURE 4. Effect of treating the lower leal of barley with various concentrations of
the chemical Sedium Salicylate on the devclopment of systemic resistance mn the
second leaf following challenge-inoculation.  Results shown are for the final
assessment 10 days post challenge-inoculation. Tigures are the means of 10 replicates.

Vertical bars represent the standard error.

FIGURE 5, Effect of treating, the lower teaf of barley wilh various concentrations of
the chemical Potassium Phosphate on the development of systemic resistance in the
second leaf following challenge-inoculation. Resulis shown are for the final

asscssment 10 days post challenge-inoculation. Figures are the means of 10 replicates.

Vertical bars represent standard error.
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FIGURE 6. Effect of treating the lower leaf of barley with vanous concentrations of
Methyljasmonate on the development of systemic resistzuce n the second leaf
following challenge-inoculation. Results shown are for the final assessment 1) days
post challenge-inoculation. Figures are the means of 10 replicates. Vertical bars

represent the standard error,

FIGURE 7. Effect of treating the lower teaf of barley with varions concentrations of
Isonicotinic acid on the development of systemic resistance in the secoud leaf
following challenge-inoculation. Resulis shown are for the final assessment 10 days
post challenge-inoculation. Figures are the means of 10 replicates. Vertical bars

represent standard crrors,

FIGURE 8. Effect of treating, the lower leaf of barley with various concentrations of
Acetylsalicytic acid on the development of systemic resistance m the second leaf
{ollowing challenge-inoculation. Results shown are for the final assessment 10 days
post challenge-inoculation. Figures are the means of 10 replicates. Vertical bars

represent standard errors.
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FIGURE 9. Effecl of treating the lower leat of barley with various concentrations of
Chitosan on the development of systemic resistance in the sccond leaf following,
challenge-inoculation. Results shown arc 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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TIGURE 10, Effect of varying the time interval between treatment with ablotic '

clicitors and challenge-inoculation of the sccond Ieaf on the developrent of SAR on
the second leaf. Results shown are for the fimal assessment of leaves 10 duys post
challenge-inoculation. Figures are the means of 10 replicates. Standard eiror of the

difference from the control at B< (.05, Sed (d.f=36): 1.023
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FIGURE 11. Effect of varying the photopenod on the development of SAR in barley.
Results shown are for the final assessment 10 days post challenge- imoculation.
Figures are the means of 10 replicates Standard ervor of the differences for the

interaction at P<0.05, Sed, mteraction (d.£ =9, 144)+1.496

FIGURE 12. Effect of varying growth temperature oa the developmest of SAR.
Results shown are for the final assessment of leaves 10 days post challenge-
inocnation. Figures are the means of 10 replicates. Standard crvor of the differences

for the nteraction at P=:0 .05, Scd, interaction (d.f. =9, 144)+1.2229

o8



-wadery Mlicsw Cavetopment (%)

Pawdery Mildew Developmant {%)

65 [ e e e . ———— e et e —.—n——i
80 k _ e b e
85 I l
st | |
b g
45 g
.
4G \\\\¢\ ] —e—
35 t =
30 . —— A
26+
20 r —%-
15 |
10
5k
U O, 2. B it e et s
7 12 15 20
Raylength (firs)
58 N
[ - ‘\
50 '} M
a5 > RS A
o N
4 l \\ f -
a5 | oy /,.-/
50 F Q\&; /,’/ k-
25 7 AN - / ’
20 § T 2 ~
N Y 4
1S 1 \\’\‘\\ ' il
W7
10 \335"
s
{
0 - 3 —_——
ia 15 22 35

Tamperature (C)

99

- {ont

15mM NaSA

25mM PP

20m Md

Cunt

15mid NaSA

25m:M PP

20mM Aty




FIGURE 13. Effect of prolonging the time intervai between elicitor treatment and
challenge- incculation on the subsequent development of SAR. Resuits are shown for
ihe final assessment of the secand leaf 10 days post challenge- moculation. Figures;
are the means of 10 replicates. Standard error of the differenoes at P=<0.05, Sed,

mteraction (d.f. =4.27)+1 .48

FIGURE 14. Duration oue elicitor treavnent of the lower leaf remains effective at
eliciting a systemic resistance respense in the second leafl Resudts shown are for the
final assessment of Tfeaves 10 days post c-ha_l}cnge—il,wculati{m. Figures are the means
of 10 replicates. Standard error of the differences at P< 0.05, Sed, ateraction (d.f. =

5,39)%2.26
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FIGURX, 15. Effect of treating the three upper leaves of a plant wiii icaves on the

development of SAR in the lower three leaves. Resalts are shown for the final

assessment of the lower three leaves 10 days post challange-inoculation.  Figures are

the means of 10 replicates. Standard error of the differences for the mteraction at

P =008, Sed, mmteraction (d.f. 6,108):+:1.494
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FIGURE 16. Effect of priming sced 1n elicitors of resistance for varying time periods
on the development of systemic resistance in the genminated plant. Results shown are

for the final assessment of Ieaves {0 days post challenge-inoculation. Vertical bars

represent standard errors of the mean of 10 replicates.

FIGURE 17. Effect of applying the elicitors as root drenches at vatious stages pre-
and post-inocuiation on their ability to tnduce sysicmic resistance. Results shown are

for the fival assessment of leaves 10 days post challenge-tnoculation. Vertical bar

represents standard errors of the mean of 10 replicates.
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TIGURE 18, Direct effcet of the abiotic wmducing agents on powdery mildew
development treatments applied using two methods; S/D/I- Spray/ Dry/ Inoculate, 1/S-
lnceulate/ Spray. Results shown are for the final assessment of leaves 10 days after

spraying. Figures are the mean of 10 replicates. Standard exror of the differences for

the interaction at P< 0.05, Sed, Interaction {d.£3,72) £0.095 -
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FIGURE 19. Effect of amending potato dextrose agar with various concentrations of
the ablotic indueing agent NaSA on, i vitre, radial growth of the pathogen P. avenae.
Resnits shown are for the radial growth measured at 3 day itervals aver a period of
12 days. Figures are the mean of 9 replicates. Standard error of the differences from

the control at P<0.05, Sed{d.f. = 8) £0.058

FIGURE 20. Effect of amending potato dextrose agar with various concentrations of

Y
A

the ablotic inducing agent MNaSA on, i vifre, radinl growih of the pathogen C.
=1 $23

perniciosa. Results shown are for the radial growth measured at 3 day intervals overa

period of 12 days. Figures are the means of 9 replicates. Standard error of the

difference from the conirol 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 wifro, radial growth of the pathogen F. avende.
Results are shown for the radial growth measured at 3 day astervals over a penod of
12 days. Figures are the means of 9 replicates. Standard ervor of the differences from

the control at P0.0S, Sed (d.£. = &)+ ¢.058

FIGURF. 22. Effect of amending potato dextrose agar with various concentrations of
the abiotic inducing agent PP on | in vitro, 1adial growih of the pathogen
perniciosa. Results shown are for the radial growth measured at 3 day intervals overa’

pertod of 12 days. Figures are the neans of 9 replicates. Standard emror of the

differcuce from the control at P<0.03, Sed{d { =8)+ 040
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FIGURE 23. Effect of amending potato dextrose agar with various concentrations of .
the abiotic mducing agent MI on, /7 vitre, radial growth of the pathogen £ avenae.
Results shown are for the radial growtl measured at 3 day intervals over a period of
12 days. Figures are the means of 9 replicates. Standard crror of the difference from

the controt at P<0.065, Sed (d.f. = 8)=0.010

FIGURY 24, Effect of amending potato dextrose agar with various concentrations of
the abioitc inducing agent MJ on, & witro, radial growth of the pathogen O
perviciosa. Results are shown for the radial growth measured at 3 day imervals over a
period of 12 days. Figures are the means of 9 replicales. Standard crror of the

difference from the control at P<0.05, Sed (d.f= 8)+0.040
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3.2 Effect of Mathyljasmonate Vapour

Methyljasmonate vapour was examined as a potential elicitor of systemic resistance.
Both the vapour [rom a 20mM solution of MJ and the vapour from undiluted M}
significantly reduced powdery mildew mfection (fig 27). Both treatments gave the largest
reductions following a 30 minute exposurc time, although the reduction obtaived with the
wdiluted vapour was the highest (93%) (Fig 27). All time intervals cxamined between
exposure to MI vapour and challenge-inoculation yielded significant reductions in the
level of powdery mildew observed (60- 94%) (lig 28). The largest reduction i powdery
mildew infection (94%) was found m plants treated with undituted MT and was found if 1
day was left between treatment and chaflenge-inocutation (Thg 28). Exposure of L
graminis conidia on the leaf surface, to vapour of either a 20mM solution of MJ or to the
vapour from undiluted MJ gave significant reductions in the development of powdery
mildew (Fig 29). The largest reductions were obtained with exposure o vapour from
undiluted MJ, (62%). Exposure to £ graminis conidia, ir vifro, on tap water agar plates,
1o the vapour from either 20mM MT or from undiluted M, led to significant reduction in

spolre germination (fig 30). Reductions of 44% and 70%, respectively, were observed.

3.3 Effect of Two Methyljasmonate Precarsors

3.3.1  Screeing of Linoleic and Linolenic Acid

Linoleic acid, a precursor of MJ, gave no significant reductions m mildew development
when examined as a potential elicitor of systemie resistance (fig 31). Linolonic acud, also

a precursor of MJ, gave significant reductions in mildew development when examined as

a potential elicitor of systemic resistance (fig 32). Reductions in mildew infection of up 10
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90% were observed, A range of concentrations of Linoleic and Linolenic acid were all
found to significantly reduce the radial growth of the pathogens . avenme and €
perniciosa grown on amended PDA plates (fig 33-36). With bath chemicals the highest
concentrations exhibited the largest inhibilory effect and the lowest concentration had
least cffect on growth. 'The same range of chemicals also gave significant reductions in
the growth of . avenae and C. perniciosa in amended PDB (fig 37-40). Only the lowest
concentrations wsed, 0.1lmM Linoleic Acid and 0.lmM Linolenic acid, supported
pathogen growth. No growth was recorded in any of the higher concentrations examined

(fig; 37-40).
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FIGURE 25. Effect of amending potato dextrose broth the abiotic indneing agents
5SmM NaSA 10mM PP or SaM MJ on biomass productivity of the pathogen P
avence, Results arc shown for the weight of growth measured 10 days afier

inoculatien of the broth. ¥igures arc the means of 9 replicates. Standard error of the

difterences from the control al P<0.05 Sed (d.f = 2)+0.027

FIGURE 26. Rffect of amending potato dextrose broth the abiotic inducing agents
5 NaSa, 10mdi PP or SmM MJ on biomass productivity of the pathogen T
perniciosa. Results are shown for the weight of growth measurcd 10 days after
inoculation of the broth. Figures are the means of 9 replicates. Standard error of the

differences from the control at P=0.05, Sed (d.f = 2)£0.027
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FIGURE 27. Effect of exposing the lower leaf of barley to the vapour from undiuied
MJ for various time intervals on the development of SAR in the second leaf. Results
are shown for the fisal assessment of leaves 10 days post challenge-inoculation.
¥igures are the means of 1G replicates. Standard error of the differemce for the

mteraction at P=<0.03, Sed (d.f. 8, 133)x2.04

FIGURI 28, Effect of varying the time interval between treatment of the lower leaf
with MJ vapour and subsequent chalienge-inoculation of the lower leaf of barley on
the development of SAR i the second leaf. Results ae shown for the final
assessment of the leaves 10 days post (:héHengc—in(}culalion, Figures are the means of
10 replicates. Standard error of the differences for the interaction at P=0.05, Sed,

interaction {d.1.. 5,89)+1.64

118




Fewdery tlldew Develoomant (%)

;
Ye)

{

)
‘

b

Powdery iildew Devsicpmen

70

65 o e

60
55

45 |
40 £

= Cem

- —.
\\\\ - = MJ Va
35 — p
ae r ™. e |
25 4: ™. 7 A 20 M Vap
\_\\\ \\.\ - -
2071 e ~ar
~. : T

7O e e e s

65 J—.
[t AN

15 3¢ 60 120

Treatment Time (mins)

e e = e e (ke

=

./JL

12 145 Els! 2D 30
Time Interval (HoursfDays)

119

J—

~~—+— (Conl
——  MJ Van.

—-e— 20 MJ Vagp




T s e e

FIGURE 29. Effect of directly exposing F. graminis conidia on the leat surface of
barley to the vapour of either 20mM M sofution or the vapour from undiluted MJ
vapour on the development of powdery mildew. Rcsults are shown for the final
asscssment of leaves 10 days after exposure to the vapour. Figures are the means of

10 replicates. Standard ervor of the differences from the control at P<0.03, Sed(d..

=0y 1.67

FIGURE 30. Effect of exposing £. graminis condia, in vitro, Lo either vapour from a
13mM solution of MJ or from undiiuted M7, on the germunation of the comdia.
Results shown are for the percentage genuination 24 hours after exposure to the

vapour. Figures are the means of 12 replicates. Standard ervor of the difference from

the control at P<0.03. Sed (d.f = 11) £1.04
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FIGURE 31. Eftect of applying various concentrations of Linoleic acid, a precursor
of MJ, to the lower teaf of barley on the development of SAR in the sccond leaf.
Results shown are for the final assessment 10 days pDst»t;hai1cngc«in0(':uiation.
Figures are the means of 10 replicates. Standard eror of the differences for the

nteraction at P<0.05. Sed (d.£ 6,10)+2.56

FIGURE 32. Effect of applying various concestrations of Linolenic acid, a precursor
of MI, on the development of SAR in the second feaf. Resuits are snown fo.r the fnal
assessment 10 days post challenge-indcuialion. Figures are the means of 10 replicates.
Vertical bar represeats the standard error of the differences for the interaction at

P<0.05. Sed (df 6,108)+2.56
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FIGURE 33, Bffect of amending potato dextrose agar with various concentrations of
the abiotic inducing agent Linoleic acid on the radial growth, i vitro, of the pathogen
P.avenge. Results shown are for the radial growth measured at 3 day intervals over a
period of 12 days. Fipures are the means of 9 replicates.  Vertical bar represents the

standard eyror of the differences from the conirol at P<0.05. Sed (d £8)£0.027

FIGURE 34. Effect of amending potato dextrose agar with various concentrations of
the abiotic inducing agent Linolcic actd on the radial prowth, 77 vityo, of ihe pathogen
C, perniciosa. Resnlts are shown for the radial growth measared at 3 day intervals

over a period of 12 days. Figures are the means of 9 replicates. Standard errer of the

differences from the control at ¥<0.05. Sed (d.f. 8)x0.027
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FIGURE 35. Effect of amending potato dextrose agar with \rarioﬁs concenlrations of
the abiotic inducing agent linolenic acid on the mdial growth, ir virro, of the pathogen
P. avenae. Results shown are for the radial growth measured at three day intervals
over a pertod of 12 days. Figures are the means of ¢ replicates. Standard error of the

differences fromn the control at P<0.05. Sed({d.f = §)+0.028

FIGURE 36. Effect of amending potato dextrose agar with various concentrations of
the akiotic inducing agent linolenic acid on the radial growth, in vifra, of the pathopen
(. perniciesa. Rosults arc shown for the radial growth measured at 3 day intervals
over a period of 12 days. Figures are the means of ¢ replicates. Standard error of the

diffcrences from the control at P<0.05. Sed {(d.f. = §):0.028

126




Radial Growtr (mm)

Radial Srowth (mm]

40 ] —— o ——— i — - e — e —
--‘_/”
35 | e
_‘/,—/‘ wbm s Gont
386 . "‘/,/’ ’/, 4
g o A7 A —e— 0 tlinolenic
25§ yd e o
) s _‘// /‘/I '/
20 / s i —aA— i Linalenic
e A
15 | /"/ A //x/ P %= 6 Linclenie
- "/cf i P T
T T e .
wl T . —H— 10 Linolenic
< ,’n‘r/ e
L e /// //
S : /,/ ;.,/_/ //
o v _:‘/___, a _
3 G 9 1z
Days Poust lnoculation of Ammeadad Agar
40 ——— e —————— e ———— " .- —1
A} —— Cont
—3~- 0, 1linclenic
—A— 1 tinotenic
<P —<— 5 Linotenic
—~E— 10 linotenic
12

Days Past-Inncutation of Ammendod Agar

127




FEGURE 37 Effect of amending potato dextrose brotls with various concentrations of
Linoleic acid on the biomass productivity of the pathogen P. averae. Results are
shown for the weight of growth measured 10 days after inoculation of the broth.
Figures are the means of 9 replicates.  Standard error of the differences from thg

control at P<<0.05. Sed (d.f = §)+0.027

FIGURL 38. Effect of amending potato dextrose broth with various concentrations of
Linoleic acid on biomass productivity of e pathogen C. perniciosa. Resulis arc
shown for the weight of growth measured 10 days after moculation of the broth.
Figures are the moans of 9 replicates. Standard ¢rror of the differences from the

control at P<0.05. Sed(d.f. = §)£0.027
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FIGURE 39. Effcct of amending potato dextrose broth with various conceutrations of
the abiotic mmducing agent Linolenic acid on the growth, in vitre, of the pathngen P.
avenac. Results are shown for the weight of growth measured 10 days after
inocuiation of the broth. Figures are the means of 9 replicates. Standard error of the

differences from the control at P<0.05. Sed {(d.£. = 8)+0.027

FIGURE 40 Effect of amending potate dextrose broth with various concentrations of
the abictic Inducing agent Linolenic acid on the growth, in viire, of the pathogen €
pernociosq. Results are showo for the weight of growth measured 10 days after
inoculation of the broth. Figures are the means of 9 replicafes. Standard error of the

differences from the control at P<0.05. Sed (d.f. = &)+0.027
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3.4 Growth Analysis

341 Dry Weights

Growth analysis was performed ou plants treated with elicitors, and plants trealed with
clicitors of resistance and then chalienge-inoculated with mildew, over an eight week
period. In the experiment the lower leaf was treated with the elicitor and the upper leal
challenge-inaculated 2days later. In all treatments there was a steady increasc in the
shoot dry woight over the expermment period (fig 41). Plants trcated with 25mM PP
consistently produced the highest dry weights.  Plants treated with 13mM NaSA or
20mM MJ followed the growth curve of the control mere closely, but were consistently
heavier throughout the trial. Plants treated with ehicitors of resistance and then challenge-
moculated showed a steady incrcase in shoot weight over the eiglit 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, 15nM NaSA and 20mM

M1, were lower than the control (fig 472).

There was a steady increase in root diy weight for planls in all {reatments over the
experimental period (fig 43). With the exception of week 6, plants treated with 25mM PR
had slightly lugher root dry weights than the control. Root dry weights for plants treated
with 15mM NaSA and 20mM M werc little different from the control values over the §
week period. For plants treated with elicitors and then challenge-incculated with wildew,
root dry weight increased sieadily in all treatments over the experimental period. No

differences were observed between the control and any of the treatinents (g 44).
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342  Leaf Area

Analysis of growth, over an 8 week period, of plauts treated with eliciiors of resistance
showed a sicady icrease in fcaf arca (fig 45). Leal area ol plants treated with 15mM
NaSA and 25mM PP were similar to control plants over the experimental period. Leaf
arca of methyjasmonate treated plants was similar to the control for the first three weeks
of the cxperument but were substantialy reduced thereafter (fig 45). Leaf area of plants
treated with abiofic elicitors of resistance then challenge-ioculated showed a steady
increase over the period of the study. Leaf arca of plants treated with NaSA and PP were
similar to the control, but after week 2, leaf area of planis treated with MJ were

substantially reduced compared 1o the control (fig 46).

3.4.3  Leqgf Weight Ratio

Leaf weight ratios (LWR) of plants treated with abiatic elicitors of resistance increased
slightly at several poiuts over the experimental period (fig 47). Thus, with the exception
of 13mM NaSA. at weck 1, 25mM PP at week | and 3 and 20imnM M) at week 5, elicitor
treated plants had lugher LWRs than control plants (fig 47). LWRs of plants treated with
abiotic elicitars of resistance then challenge-moculated fluctualed a preat deal throughout
the period of the study (fig 48). Consistency was observed however in the T.WR of plants
treated with MT and then challenge-inoculated.  However, LWR was greater in treated

plants compared to controls from week Z onwards ({ig 48).
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3.4.4  Leaf Area Ratio

Leal area Ratios (LAR) of ail plants receving elicitor treatinent were reduced compared
to the control (fig 49). The greatest teduction in LAR was obtained with MJ treated
plants, where LAR was reduced by approximately 35% compared to the control by the
end of the experiment (fig 49). In plants treated with MJ and then challenge-inoculated,
LARs wete considerably lower thau in the controls throughout the expertment (fig 50),

with smaller reductions in LAR being obscrved with other (reatments (fig 50).

3.4.5  Specific Leaf Area

Specific leaf area {SLA) of all plants receiving treatments were reduced compared with
the control (fig 51), although those reductions werc very small in plants treated with
NaSA, from weelk 4 onwards. Treatment with MJ led to the greatest reduction i SLA
{fig 51). In plants treated with NaSA and PP. SLAs fluctuated considerably over the
experimental period, where i plants treated with MJ, SLA was coasistently and

substantially lower than control values throughout the experiment {fig 52).

346  Relative Growth Rate

In all ueatments relative growth rate (RGR) declined throughout the course of the
experiment. Differences between the control and treatments was smail and not consistent
over the 8 week porod (g 53). A simlar pattern was observed for plants treated with
glicitors and then challenge-inoculated, aithough RGRs were substanttally reduced

berween weeks 2 and 3 in plants treated with MJ and PP (fig 54).
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3.4.7 Net Assimilation Rate

Net assimilation rate (NAR) declined i all plants over the cxperimental periad (figs 55-

56). Any ditferences between the control and treatments were small and mconsistant over

the 8 week period (fips 55-56).
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FIGURE 41. Effcct of treating the lower leaf of barley with abiotic elicitors of
systemic resistance on the growth functions of the plants. Results are shown for the
dry weight of the shoots measured at 7 day intervals over a period of & weeks. Figures

are the means of 10 replicales.

FIGURE 42. Effect of treating the lower keal of barley with abiotic elicitors of
systemic resistance, followed 2 days later by challenge-inoculation of the upper Icaf,
ont the growth functions of the plants. Results are shown for the dry weight of the

shoots measured at 7 day istervals over a perlod of 8 weeks. Figures are the means of

1 replicates.
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FIGURE 43. Effect of treating the lower leaf of barley with abiotic elicitors of
systemnic resistance on the growth functions of the plants. Results arc shown for the

dry weight of the roots measured at 7 day mtervals over a pertod of 8§ weeks, Tigures

are the means of 10 replicates.

FIGURE 44. Effect of treating the lower leaf of barley with abiotic elicitors of
systemic resistance, followed 2 days later by challenge-inocuiation of the upper leaf,
on the growth functions of the plants. Results are shown for the dry weight of Lhe

roots measured at 7 day intervals over a period of & weelks. Figures are the means of

10 replicates.
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FIGURE 45 Effect of treating the lower leaf of barley with abiotic elicitors of
sysiemic resistance ou the growth functions of the plants. Results are shown for the
leaf area {em-?) measured at 7 day intesvals over a period of 8 weeks. Figures are the

means of 10 replicates.

FIGURE 46. Effect of treating the lower leaf of barley with abiotic elicitors of
systemic resistance, {ollowed 2 days later by challenge-inoculation of the upper lcaf,
on the growth functions of the plants. Results are shown for the leaf area {cm-2)
measured at 7 day intervals over a peried of § weeks. Figures are the means of 10

replicates.
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FIGURE 47. Effect of treating the lower leaf of barley with abiolic ehcitors of
systernic resistance on the growth functions of the plants. Results shown are for the

leaf weight ratio measurcd over a period of 8 wecks. Figures are the means of 10

replicates.

FIGURF. 48. Effect of treating the lower leaf of barley with abiotic elcitors of
systemic resistance, followed 2 days later by challonge-incculation of the upper leaf,
on the growth functions of the plamis. Results shown are for the leaf weight ratio

imeasured over a period of 8 weeks. Figures are the means of 10 replicales.
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FIGURE 49, Effect of treating the lower Jeaf of barley with abiotic elicitors of
systemic resistance on the growth fuactions of the plants. Results shown are for the

leaf area ratios measured over a pertod of 8 weeks. Figures are the means of 10

replicates.

FIGURE 50, Effect of treating the lower leal of bailey with abiotic elicitors of

systemic resistance, followed 2 days later by chall

inoculation of the upper leafl
on the growth functions of the plants. Results shown are for the leaf area ratios

measured over a pertod of 8 weeks. Figares are the means of 10 replicates.
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FIGURE 5i. Effect of treating the lower leaf of barley with abiotic elicitors of
resistance on the growth functions of the plants. Results shown are for the specific

leaf area measuted over a peniod of 8 weeks. Figures are the means of 10 replicates.

FIGURE 52. Effect of treating the lower leaf of barley with abiotic elicitors of

resistansce, followed 2 da er by challenge-inoculation, ou the growth functions of
the plants. Results shown are for the specific leaf area measured over a period of 8

weeks. Figures are the means of 10 replicates.
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FIGURY S53. Effect of treating the lower leaf of barley with abiotic elicitors of
resistance on the growth functions of the plants. Results shown are for the relative
growth rate measured over a period of 8 woeeks. Figures are the meaus of 10

replicates.

FIGURE 54, Effect of treating the lower leaf of barley with abiotic elicitors of
resistance, followed 2 days later by challenge-inoculation, on the growth functions of
the plants. Results shown are for the relative growth rate measurcd over a period of §

weeks. Figures are the means of 10 replicates.
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FIGURE 55, Eftect of treating the lower leaf of basley with abiotic elicitors of
systemnic resistance on the growth functions of the plants. Results shown are for the

net assimilation rate measured over a period of 8 weeks. Figures are the means of 10

replicates.

FIGURE 56. Tffect of treating the lower {caf of barley with abiotic elicitors of

on the growth functions of the plaants. Results shown are {or the net assinilation rate

measured over a period of 8 wecks. [Figutes are the means of 10 replicates.
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3.5 Enzyme /A ctivity

351 PAL Activity

Treatment of the first lcaves with NaSA led to a very substantial increase in PAL activity
in that leaf and in the second and third feaves (Fig 37). The greatest crease in PAL
activity was observed in leaf 2 just 1 day after treatment of leaf 1 with NaSA. There was
a steady decline in PAL activity in this leaf with time after treatment, but by 12 days after
treatment enzyme activity was still more than twice the valucs observed i the control (Fig
57). PAL activity in the first leaf was consistently greater in leaves 2 and 3, i treated
plants, for 3 days afler treament (Fig 57). Treatment of the first leaf with NaSA
followed by challenge-imoculation in the upper leaf led to even greater tcrease in PAL
activity in all leaves compared to controls (Fig 58). Thus, 1 day after Lreatment PAL
acuvity (s teaf 3 was 79ug cinnamic acid/ mg proteny’ hour {a 20 fold nercase over the
control) and 12 days after treating enzyme activity was stitl 5 times greater than control
values (Fig 58). Very similar frends were observed following (rcatment with PP and MJ
(Figs 5Y-62), although the increase tn PAL activity following MI treatiment were smaller

ihan those observed with NaSA treatinent.

3.5.2  Peroxidase dctivily

Treatment of the first leaf of barley scedlings with NaSA led to increascd peroxidase
activity in leaves 1, 2 and 3 (Iig 63). Tollowing treatment with NaSA, peroxidase
activity increased, reaching a peak 3 days after treatment, and although enzyme activity
decreased therefter, valucs were stll considerably greater than controls 12 days after

treatment {Fig 63). A very similar trend was observed following NaSA. treatment and




subsequent inoculation on leaf 2 with mildew, except the inceease in peroxidase activity
was greater than those observed following NaSA treatment only (Fig 64). Treatment of
leal | with PP resulted w increased peroxidase activity in leaves 1, 2 and 3, although the
increase ubserved were not as large as those observed following NaSA treatment (Fig 63).
The largest increase in enzyme activity was observed in the second leal, where 2 davs
following treatment, peroxidasc was 5 times gieater han control values (Fig 65).
Challenge-inoculation of leaf 2 following treatment of leaf 1 with PP led to incroascd
peroxidase activify in all leaves, peaking at between 3-4 days afler treatiment (Fig 66).
Interestingly, in the inoculated second leat of conirol plants (i.e. they were not treated with
| PP but not inoculated), peroxidase activity incrcased gradually with time, reaching a peak
at 7 days (Fig 66). MJ tcatment of the first leaf increased peroxidase activity m all
leaves campared fo the controls (Fig 67), but an entirely different picture was observed
following subsequent challenge-inoculation of leaf 2. (Fig 68). Howcever, peroxidase
activity mcreased slightly over the experimental period, compared to control, where there
were substantial peaks in peroxidase activity, compared to controts in leaves 2 and 3 at 4

days and 3 days respectively (Fig 68).
3.5.3 Lipexygenuase

In control plants, leaves 1,2 and 3 all showed a peak in hipoxygenase activity after 2 davs
{Fig 69). When leaf I was treated with NaSA, lipoxygenase activity was litde different
from control values unti! day 3, when enzyme activity started to increasce, reaching a peak
in all leaves 4 days after treatment (Fig 69). In conirol plants with leaf 2 inoculated with
powdery mildew, there was an increase in lipoxypgenase activity i all lcaves over the
experimental period (Fig 70). In plants where leaf | had been treated with NaSA prior to

inaculation of leaf 2. there was a morc rapid and larger nisc i hipoxygenase in all leaves,

e



reaching a peak 4 days after treatment (Fig 70). The grealest increase in lipoxygenase
aclivity was seen in leal’ 2, 4 days after treatment. Enzvme acviivity in treated plantls was

nearly double the control Values. Similar trends were observed for lipoxygenase activity

in plants treated with PP and MJ (Figs 71-74).




FiGURE 57. Effect of treating the lower lcaf (leaf 1) of barley with NaSA, on the
activity of the enzyme PAL. Results shown is the fg ctnmamic acid/mg protein/hour

over a 12 day pericd for leaves 1,2 and 3. Tigures shown are the means of 3

replicates.

I'TGURE 58. Effect of (reating the [ower leaf (leaf' 1) of barley with WaSA followed 2
days later Dy chaiienge-lnoculation, on the activity of the enzyme PAL. Results

shown is the (g cionamic acid/ing profein/hour over a 12 day period for leaves 1,2

aud 3. Figures shown are the means of 3 replicates.
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JRE 59 Effect of treating the lower leaf (leaf 1) of barley with PP, on the activity
of the enzyme PAL. Results shown is the (ig cinnamic acid/myg protein/hour over a 12

day peood for leaves 1,2 and 3. Figores shown are the means of 3 replicates.

FIGURE 60. Effect of treating the lower leaf (Jeaf 1) of barley with PP followed 2
days later by challenge-inccutation, on the activity of the enzyme PAL. - Results

shown s the fg cinnanuc acikd/mg protei/hour over a 12 day periad for leaves 1,2

and 3. Figures shown are the means of 3 rephicates.
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FYGURE 61 Effect of trealing the lower leaf (leaf 1) of batley with M, on the activity
of the conzyme PAL. Results shown is the lip cinnamic acid/mg protein/hour over a 12

day peniod for leaves 1,2 and 3. Figures shown are the means of 3 replicates.

FIGURE 62 Effect of treating the lower leaf (leaf 1) of barley with MJ followed 2
days later by challenge-woculation, on the activity of the enzyme PAL. Results
shown 1s the fg cinnamic acid/mg protein/hour over a 12 day period for leaves 1,2

awdd 3. Figurcs shown are the means of 3 replicates,
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FIGURE 63. Effect of treating the lower leaf (leaf 1) of barley with NaSA on the

activity of the cnzyme peroxidase. Results are expressed as A Abs/mg protein over a

period of 12 days for leaves 1,2 and 3. Figures are the means of 3 replicates.

FIGURE 64. Effect of treating the lower leaf (Ieaf 1) of barley with NaSA, followed 2
days later by challenge- iaoculation of leaf 2, on the activity of the cnzyme
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 65. Effect of treating the lower leal (leal 1) of barley with PP on the activity
of (he cnzyme peroxidase. Results are expressed as AAbs/ing protein over a period of

12 days for leaves 1,2 and 3. Figures are the means of 3 replicates.

FIGURE G6. Effect of treating the lower leaf (Ieat 1) of barley with PP, followed 2
gays later by chalienge- inoculation of leaf 2, on the activity of the enzyme
peroxidase. Results are expressed as AAbs/mg protein over a 12 day period for

leaves 1,2 and 3. Iigures shown are the means of 3 replicatcs,
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FIGURE 67. Effect of treating the lower leaf (leal 1} of barley with MIJ on the activity
of the enzyme peroxidase. Results arc expressed as A Abs/mg protein over a period of

12 days for leaves 1,2 and 3. Figures are the means of 3 replicates.

FIGURE 63. Effect of treating the lower leaf (leaf 1) of barley with MJ, followed 2
days later by challenge- inoculation of leal 2, on the activity of the enzyme
peroxidase. Results are expressed as/AAbs/mg protein over a 12 day perjod for leaves

{,2 and 3. Tigures shown arc the means of 3 replicates.
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FIGURE 69. Effect of treating the lower leal (Jeal 1) of barley with NaSA on the
activity of the enzyme lipoxygenase. 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.

FIGURE 70. Effect of treating the lower leaf {leaf 1) of barey with NaSA, followed 2
days later by challeuge- inocnlation of leal 2, on the activity of the enzyme
lipoxygenase. 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 71 Effect of treating the lower leaf (leaf 1) of barley with PP on the activity
of the enzyme lipoxygenase. Results arc expressed as 2 Abs/ing protein over a period

of 12 days for leaves 1,2 and 3. Figurcs ate the means of 3 replicates.

FIGURE 72. Effect of treating the lower leaf (leaf 1) of barley with PP, ollowed 2

days later by challenge- inoculation of leaf Z, on the activity of the cnzyme

lipoxygenase. Results are expressed as AAbs/ing protein over a 12 day period for

leaves 1,2 and 3. Figures shown are the means of 3 replicates.
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F

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 Abs/mg protein over a period

of 12 days for fcaves 1,2 and 3. Figures are the means of 3 replicates.

FIGURY 74. Effect of treating the lower leaf (lcafl 1) of barley with MJ, followed 2
days later by challenge- toculalion, on the activity of the emzywe lipoxygenase.
Results shown are the activity of the AAbs/mg protein over 2 12 day period for leaves

1,2 and 3. Figures shown are the means of 3 replicates.
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TABLE 5. Fiffect of applying an elicitor of resistance to the lower icaf of harley plants
on I A 1. activity in leaves 1,2 and 3. Results shown are for 4 days post-elicitor treatinent

with standard error for 3 replicates.

Treatment Leal Mumber P AL, Activity ({g cinnaroic

acid/mg protein/hr)

Control ' ! 3.0910.0138
2 1.15+0.0189
3 0.79+0.012
NaSA. I 27.33+0.04/
2 16.96::0.040
3 16.082:0.069
PP 1 24.540.038
y 14.84+0.037
3 10.43-0.025
M) 1 15.26=0.026
2 22.05+0.039
3 18.570.020
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TARBLE 6.

Effect of applying an elicitor of resistance to the lower leaf of barley plants

followed Uy challenge-moculation ou P.A L activey in leaves 1,2 and 3. Results shown are

for 4 days post-elicitor treatment wilh standard error for 3 replicates.

Treatment Leaf Number PAL. Acﬁvily_(;lg cinnamic
acid/mg protein/hr)
Comtrol 1 10.560.118
2 12.330.060
3 6.4:1.0.343
NaSA 1 37120051
2 33.59::0.060
3 40.683£0.020
PP 1 329920075
2 55 7420056
3 49 12%0.062
MJ] 1 44.081-0.050
2 42 67:+0.044
3 48 51+0.051
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TABLE 7.

Effect of applying an clicitor of resistance to the lower leaf of bartey plants

on peroxidase activity in leaves 1,2 and 3. Resunits shown are for 4 days post-chicitor

treatment with standard error for 3 replicates.

’TIT reatment

Leaf Number

Peroxidase Activity

(A Abs/myg protein)

Control

laSA

PP

M

2

3

0.379£0.0012

0.4464:0.0019

0.353:+0.0018
1.71£0.0025
1.392:0.0149
1.35+0.002
0.632x0.0187
1.213:£0.0021
0.9741:0.00}4
1.562:0.0187
175200021

1.20+£0.0014




TABLE 8. Effect of applying an clicitor of resistance to the lower leafl of barley plants
followed by challenge-mnoculation 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.

Treatment I.eaf Namber Peroxidase Activily S

I (A Abs/me protein)

Contiol i 0.571+0.0027 o
2 . 0.982£0.0021
3 (.504 +:0.001
NaSA 1 2.54-:0.0015
2 ' 3.(R£0.0010
3 2.70:-0.0021
PP 1 1.9540.0009
2 1.71::0.0023
3 1.262:0.0010
M) ! 0.834:0.0022
2 _ 2.384.0.0008
3 0.8394:0.0609

176




TABLFE 9. Effect of applying an elicitor of resistance to the lower leaf of barley plants
on lipoxygenasce activity n leaves 1,2 and 3. Resnits shown arc for 4 days post-elicitor

treatment with standard crror for 3 replicates.

" Treatment Leaf Namber ) Lipoxypenasc A:Uv;lyﬂ—— o
(D Abs/mg protein)

Control T 1 - T 0.5230.0063
2 0.681+0.0029

2 0.771x£0.0024

NaSA i 1.651+0.0002
7 ' 1.642+0.0009

3 1.698+0.0011

Ly | ! 1.645+0.0018
2 1.6514:0.0019

3 1.5132:0.0019

MJ 1 1.608:£0.0028

2 2408400023

3 1.928£0.0025
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TABLE 10.  Eifect of applying an clicitor of resistance to the lower [caf of barley plants

followed b v challenge-inoculation on lipoxygenase activity in {feaves 1,7 and 3. Resulls

shown are for 4 days post-elicitor treatment with standard coror for 3 replicates.

. o
: et r—— e - o i S

Treatment " Leaf Number Lipoxvgenase Activity
{2 Abs/mg protein)
Control T _:1 T 1.2844-0.0002
2 1.329:0.0017
3 1.33620.0012
NaSA i 1.824+0.0011
2 1.9292+0.0021
3 1.769:+0.0020
PP i 2.14840.0031
2 2.015:0.0016
3 2.2594.0.0022
Mi 1 1.8472-0.0013
2 2.358.£0.0014
3 1.807x0.0015
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3.5 Field frigls
3.5.1  Disease Development

1 both 1993 and 1994 20mM NaSA, 25 mM PP, 20 mM MIJ and commercial fungicides
significantly reduced the fovel of mildew infection observed. (Table 11). The largest
reductions were found in 1994 when plants were treated with 20 mM MJ. Analysis of

variance highlighted significant differences between treatments and controls {Table 11).

252 Grain Weight

In 1993 analysis of variance showed no significant differences between clicitor treated

plavts and control plants (Tabie 12). In 1994 sigunddicant differences were observed

benween elicitor treated plants and controls (Table 12). No differences in prain weight

were found between commercial fungicides and eentrol plants (Table 12).

353  Plaw Height

Analysis of variance showed no sigmificant differences between control plants and those
treated with either 15 mM NaSA, 25 mM PP or commercial fungicides (Table 13). In

1994 plants treated with 20 mM MJ were significantly smaller than control placts and

other treatments (Tabic 13).
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334  Plant Dry Weight

In 1993 and 1994 analysis of variance showed there were no significant differences

between plant dry weight of the control and plants treated with either elicitors or

commercial fungicides (Tablc 14).
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Table 11.

Effect of applying elicitors of reststance or proprietary fungicides on disease

development of field growa barley. Barley powdery mildew was assessed visnally usmg the

M.A N F. standard area diagram. Standard deviations are shown at 5% confidence level.
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Treatuent % Leaf Area Standard Deviation % Disease Control
1993 Infected
Control ' IR T RO7
NaSA (15mhM} 51 1.38 76.0
PP (250M) 6.42 2.04 65.0
‘Freatment % Leaf Area St;'l»l;daxjd Deviation % Disease Control
1994 Infected
T T Control 19.45 17 T T
NaSA {15mM) 75 32 613
M (20mM) 7.2 (.66 62.9
Corbel 99 0.16 48.9
Folicur 79 .31 592
Radar 10.2 0.68 474
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Table 12, Effect of applying elicitors of resistance or proprictary {ungicides on the gratn

weight of 10 plants m field grown barley. Standard deviations are shown at 95% confidence

fevel.
Treatment Grain Weightm " Standuard Deviation % Increase in
1993 | Grain Weight
Control 86.79 7.09 )
NaSa (20mM) 9423 469 8.6
PP (25:.@/{) 97.69 222 12.6
Treatment Grair Weighl Standard Deviation % Incrcase n
1994 : . | Grain Wezght
Control $5.82 271 502
NaSa (13miM) 128.9 3.A56 472
M (20mM) 12635 6.04 12.6
Corbel 95.97 5.54 13.9
Radar 9771t 7.07 11.9
Folicur 96.07 692
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Table 13.

Effect of applying clicitors of resistance or propriciary fimgicides on the

height of ficld grown barley. Standard deviations are shown at 95% confidence level.

Freatment " Plant Yieibt (oen)
1993
Control 759
NaSA (15mM) 71.8
PP (25mM) 724

Siandard Deviation

3.81
2.12

2.01

Treatment

Piant Height (cxn)

Standard Deviation

1994
Control 712
NaSA (15mM) 736
M (20mM) 62.1
Carbel 76.4
Folicur 5.5
Radar 7.0
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Table 14, Lffect of applying elicitors af resistance or proprietary fungicides on plant
dry weight of field grown barley. Standard deviations at 95% confidence level are shown m

the table.

" Treatment 7 Plant Dry Weight {g) Standard Deviation
1993
Control | 20.8 206
NaSA (13mM) 19.4 1.27
PP (25mM) 203 0.54
Treatient Plant Dry Weight - Standwed Deviation
1994
C.ommi N 213 032 o
NaSA (15mM) 19.9 1.29
MY (Z20mM) 202 0.81
Corbel | 211 037
Radar 26.6 6.61
Folicur 222 3.65
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4. DISCUSSION



4 DISCUSSION

[t is now recognised that plants susceptible to pathogens contain the same genctic
information for defence as resistant plants. What distinguishes the two is the spred and
magnitude to which the latent genetic information is expressed. As ung ago as 1933,
Chester observed 1t was possible to enhauce the expression of this penetic information by
prior inoculation with plant pathogens. Simmce then it has beconie apparcnt that a great
number of “agenis’ havz (he ability to enhance the expression of genetic informaticn
carried by susceptible plants. Abiatic chemicals are amongst the agents which luve been
shown to sucessiully prime plants, enabling them to react more rapidly when faced with
pathogen attack. It has been shown 1t 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 accunulation of defenco related chemicals takes place too late in susceptible

plants. The pathogen by this stage has successfully established infection.

A study of abiotic chemicals was wndertaken in an attempt 1o gain a deeper insight into
the environmental and physical requirements for maximal wduction of SAR in barley.
The study also attempted to study some of the defence mechanisms induced following

treatment with abiolic elicttors.

4.1 General Screening of Abiotic Agents

In order to determine which chemical agents and which concentrations effected grealest
induced rosistance, a screemng trial of 28 combinations ol chemicals and concentrations
was undertaken.  All four concentrations of the seven potential elicitors screencd gave
significant reductions m rildew wfection. The degree of protection confered varied with

the chemical and the concentration used. Thus, although Chitosan, ASA. and INA gave
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reductions i mildew infection of upper leaves which were statistically significant; the

magnitude of these cffects were not considered sufficient (v warrant forther study.

NaSA, MJ, and PP all gave reductions in mildew development of at teast 19 %. The tluee
optimal concentrations of these compounds were 15mM NaSA, 25mM PP and 15mM
MI¥. Thess concentralions may be considercd relatively high, but this may be related to
the method of mduction. In this stady it was  Important to consider field application
methods i asscssing SAR as an alicrnative to couventional chemical treatment. It is
possible the concentration of the cliciior used coutd have been greatly reduced if the
inducing treatment bad been in the form of stem or leaf wjection. i is therefore
conceivable that higher concentrations are required due to the problems associated with
the uptake of exogenously applied compounds. Only a tiny proportion of what is applied
will be taken up by (he plant. It is possible that only by the use of relatively high
concentations is sulficient chemical absorbed to mduce the chain of reactions required for
the induction of SAR. It has been reported that KyHPO, 18 an effective foliar fartdliser
(Reuveni et al ,1992), and so it 1s possible that a portion of the PP apphed is utilised in
cnhancing plant growth, thus restricting the level of PP available for initiating the cascade
of cvents leading to the expression of induced resisltance,  In 1991 Ward el al.
acknowledged that salicylates may be conjugated during transport in the plant. This again
may influence the availability of NaSA for initiation of SAR. MJ may also have
probiems associated with 1ts uptake due 1o its volatile naturc. Low applied concentrations
may evaporate before sutficient has been taken up by the leaf to induce systemic

1esistance,

It 1s pow agrecd that il 3s not a specific component of the abiotic elicitor which is

responsible for the induction of SAR. but rather a persistent low level of metabolic
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perturbation lcading o stress in the host (Doubrava et al.,1988). This acceptance lias
arisen because of the diversity of chemicals capable of inducing the response. In many
cascs of SAR, plant cell death is visible and associated with the expression of SAR. In
this trial the chemicals chosen for further study showed uo wisible symptowms on the
foliage. Tt is likely bowever, that concentrations applied were sufficient to produce the
low level stress required for the expression of SAR, but without producing foliar necrosis.
Evidence suggests, that SAR induced by application of PO, results in the sequestration
of Ca™ from host tissues (Gottstcin and Kic, 1991). Indeed, application of Ca™ was
shown to praduce a compleic reversal of SAR (Walters and Murray, 1992). It is possible
that loss of Ca® after phosphalc application affects cell membrancs, destroys cell
compatimentalisation and causes the release or synthesis of hydrolytic enzymes. Duc to
the loss of Ca® the hydrolytic enzymes can act, on the now susceptible, pactic substances
th the plant cell wall forming oligosaccharides or oligopalacteronates. Tlhicse may then
cause the releasc of the alarm signal, the exact natme of which, as vet. remains

wnidentified.

d.1.v  Optamal Lag Period Between Elicitor Treatment and Challenge-fnocuiation

The effectivencss of the chemical agents in inducing resistance is affected by the time
nterval between treatment of the plant tissuc with the nducing apgent and challenge-
mneculation with the pathogen. A range of time intervals, from 24 hours up to 12 days
were studied.  Although a number of the timc mtervals studied led to significant
reductions m the level of powdery mildew mfection, the most effective interval between
inducing treatment and challenge-inoculation was found to be, with all three chemicalg, 43

hours,
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In alf cases of induced resistance a lag period 1s observed between inducer Lreatment and
detection of systemuc acquired resistance. The delay corrcsponds to a delay in the
production or release of a signal from the nducer leaf aud not, as is the popular
misconception, its transport to distal leaves and the wnstiation of resistance mechanisms,
which from time course studics are known to be very rapid (Dean and Kne, 1986). At
time intervals less than 48 hours il is possible that insufficient signal has been produced
or released from the unducer leat for SAR to be fully induced. At time mtervals greater
than 48 hours the patency of the signal from the inducer leaf mayv have began to decline,

again resulting in a weaker induction of SAR.

4.1.2  Effect of Environmenicl Factors ci the Expression of Systemic Resistance

Daylength and temperatare are two envirommental factors thought to influence the
successful establishment of SAR. Both of these factors were assessed, independently, 1o
determine a sct of cnvirommental conditions which allow optimal systenuic protection 1o be
imtiated. A set of four potentiat photoperiod and four potential temperature regunes were

examined.

At the shorter photoperiods of 7 hr and 12 hr reductions of 24 % and 38 % in mildew
development respectively were observed. The greatest veduction (78 %) was observed
vith a 16 hr daylength, while the lonpest photoperiod (20 lirs) lead o a much smalfcr
decrease in mildew infection.  Activation of host defence mechanisms is an energy
demanding process, the energy must ultimately be generated by photosynthesis. It is
possible that with the photoperiods 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. [t would appear therefore that the




shorter photoperiods are unable 1o meet the photosynthetic demands of the plant for
metabolites to fuel the activation of defense mechanisms required to limit the spread of
mildew. [xactly why systemme protection against mildew should have been less in plants
grawn in a 20 hour photoperiod compared to plants grown under a 16 hour photoperiod is
ol clear. 1t is known that m a variefy of plants increasing the photosynthesis leads to a
decrcased rate of starch accumaulation and an increzsed rate of sucrose production and
export (Wardlaw, 1990). It is possible throughout that an mcreased expori of sucrose

under the longer photoperiod may have left less available m the feaf for usc in financing

(4]
T
v

SAR. It is worth noting that ii is uwwikely that sverose cowld have been imported mto the
systemically protecied leaf from other lzaves, smee there is no evidence of assimilate

import mto mature monocot leaves (Farrar, 1992).

In hght of the work of Klement and Goodman (1968) on the effect of temperaturc on the
development of induced resistance, four lemperature regimes were examined in the present
study. ‘The two Jower temperature regimes of 1G°C and 17°C both fed 1o significant
recluctions in powdery mitdew development when systemic protection was induced with
the three chemicals. However, 1t 1s interesting fo consider that the temperature at which
preatest pressure by B graminis would be expected i.e. at the optimal temperatwie for
growth of K. graminis was mfact the temperature at which greatest induced resistance
was observed. Thus, at 22°C a reduction in powdery mildew infection of 81% was
obscrved. This decreasc in mildew developent is unlikely to be the result of a direct
effect of temﬁerai ure on the development of SAR, and more likely to be due to the effect
of temperature on the photosynthetic activity of the plant. Ratcs of photosynthesis was
prohably limtted at 10°C and 17°C and so the cnergy 1o mduce and maintain SAR would
also have been lunited, A temperature of 22°C i3 unlikely 1o have been a limiting factor in

photosynthesis, and the plants would have been able Lo provide the energy required tor the
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expression of induced resistance. At the highest temperature regime of 35”C there was
an overall reduction in the development of powdery muldew, both m the chemically treated
plants and i the conirols. No significant ditferences were observed between treatients
and conirols. A temperature of 35°C is well above the optimum for photosynthesis in
cereals (approx. 22°C) and, in addition (o rcduced rates of photsynthesis, ratcs of
respiration would have been considerably increased. It s not surprising (hat SAR
expression s supressed at high temperatures,  In addition growth of £ 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 of Signal Movement

The generally accepted perception of SAR is that a lower leaf is treated with an inducer
which [eads to the development of resistance at some distal point above the inducer leaf.
Nevertheless SAR  has been reported to ocour at points below the inducer leaf. The
hypothesis that it 1§ possible to induce SAR below the mducer leaf was tosted using the
three abiotic treatmentss, 15Sm NaSA, 25mM PP and 20mM M}, Small reductions m
mildew infection m the lower three leaves were observed foltowing treatient of the upper
three Jeaves with all three chemicals, All three chemicals gave significant reductions in
mildew in leaves | and 2. However, only 20mM MJ gave sipnificant reductions in leaf 3.
Despite the reductions in infection being statistically significant, they were not of the
magnitude obtained when SAR was duced 10 feaves above the inducer leaf. Therofore,
iL is clear that the signal for SAR in barley moves more strongly w an upward direction.

‘The results for 15mM NaSA and 25mM PP were not as expected.  If it was possible to
induce SAR below the mducer leaf it would be expected that the strongest induction
would be in the leaf inunediately below the mnducer leaf. However, both these chemicals

showed no significant reductions in leaf 3, while significant reductions were observed in
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leaves | 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 incucer leat.

414  Duration of lijfectivencss of a Single Elicitor Treatment

An mportant factor in considering SAR as a potential means of disease control in the
field is how long a single application of sticttor can effect discase control. The study was
carvied out using 15w NaSA, 25mM PP and 20mM M] ag elicitors of resistance, As
expected, the largest reductions were obscrved in the eatlier stages of the trial. Even as
long as 7 weeks after challengesnoculation significant reductions i mildew were slill
being observed. At 10 weeks post challenge-inoculation sigaificant reductions were
observed with 23mM PP and 15mM MJ, when no reductions were observed with [3mM
NaSA, As the time from challenge-inoculation increased the efficacy of the systemic
protection declined. 1t 1s posstble that a second or booster treatment would be required to
maintain the level of resistance expression observed in the early stages of the experiment.
The use of booster treatments was cxamuned m the fleld trial siuation and will be

discusses] at a later stage.

A further consideration in asscssing the potential of induced resistance as a viable
altcrnative to proprietry chiemicals for the control of powdery mildew is the evaluation of
how increasing the time inlerval between clicitor treatment and challenge-inoculation
affects the level of disease control achieved. [t was cstablished in an earlier experiment
that optimal resistance was expressed when plants were challenge-inocnlated 48 hours
after elicitor trealment. However, in a ficld situation disease pressure cannot be
manipulated to ensure it occurs when the expression of induced resistance is maximat.

The time interval between elicitor treatment and challenge-inoculalion was (nereased i 7
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day intervals aud the effect on disease development assessed.  Significant reductions in
mildew development were observed, for all 3 chemicals tested, even if challenge-
inoculation was delayed by as much as 42 days for tho 3 chermicals examined, there was a
similar tailing off in the level of protection observed as the time interval between elicitor
treatment and challenge-inoculation increased. It is possible tus is directly linked to a

decrease in either signal production or signal potency from the inducer leaf,

Prescnt chemical control techniques require at least 2 or more applications in the growing
season, with timing of the appiicailon being a critical factor. For certain chemieals e,
those with preventative action, witial applications must be made prior to the first
symptoms being observed. This requires careful crop monitoring, to ensure the pathogen
is not established. However, indsction can spread rapidly even in the space of a fow days.
If induced resistance ig Lo be used 1o the field, thming of application would be tess critical
simce the plants defences appear to stay primed for a considerable period of time. The
point. at which induced resistance crosses the ceonomic tiweashold of no longer being
cconemically viable would require mput from proicssional cconomists.  Bu, it appears
that (he use of induced resistance to protect crops in the ficld would require no more

physical input than thal required for a conventional proprietry fungicide.

4 1.5  Alternative Methods of Inducing Resistance

Although the methods used to induce resistance so far in this project are no mosc difficalt
10 use than the current wethods of pesticide application, in the figld, the simplest method
of applying the inducer would obviously be the most advantageons. Potentially the
sumplest method of inducing SAR would be to treat the sced. This method, if suceessful,

would be carried ont by seedhouses, thus freeing farmers from the necd to apply any crop

protection treatments. The three agents known to induce reststance in plants when applied
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aenially i.¢c. 15mM NaSA, 25mM PP and 20mM M, were applicd to seeds of a barley
cultivar which s susceptible to powdery mildew. Results from these sead treatments were
poor. Although statistically significant reductions werc observed for the two shorter seed
soaking tunes of 5 minutes and 15 nunutes, mildew control was ot sulficient to warrant
{urther investigation. [t seems unlikely that the reductions in mildew development were
the result of SAR although Rerther rescarch will be required to clarify this point. t is
interesting to obscrve, however, that afier treatment with the chemicals for either 3 or 6
hrs, all cascs resulted in an increase m the levels of powdery mildew in the germinated
seedlings refative to the controls. It 1s possible that foilowing such prolonged exposuare of
the seeds to the chemicals, there was physiological damage to the embryo. On
genmination, 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 the root system, by means of a root
drench, was also investigated. This hypothesis was tested with three chemicals al vanous
stages pre-inocnlation. All time intervals tested yeilded statistically sigaificant reductions
in mildew development. The chemicals tested did not, however, give reductions which
would make induction of resistance via a root dreuch an economically viable method of
disease control. It would appear thal the induction of resistance via the root system is
weak. There are a number of possible explainations for this. Thus, it is possible that the
concentration of the chemical inducing agent was not high enongh 1o activate resisiance
via this route. The chemical may be broken down and metabolised by the plant, and so
the level entering the shool was not sufficient to trigger the gencration of 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.




Recently this area of investigation has been given further consideration. De Cal et ol
(1997) found it was possible induce systemic zesisiance n tomatoes to Husarium
oxysporum f£.sp. lycopersici by applying a comdial suspension of Pernicillium oxalicum to
the substrate tomato scedlings were to be grown wm.  Miyazawa et al., {3998) induced
systemic resistance to tomato wilt disease /n vitro by treating lomata roots with cither 2-

furoic acid, 4~ hydrobenzoic acid or salicylic acid.

4.1.6  Direct Antifungal Effects of Elicitor Chemicals in vivo

Althongh the chemicals screened did not come into direct contact with the mitdew and the
affcets were observed at some point distant from the inducer treatment, it is, nevertheless,
essential to determine the direct effects of he chemicals on pathogens.  Some controversy
has arisen around widch chemicals can and cannot be classed as elicitors of resistance.
Two schools of thought exist, One school maintains that for a chemical to be considered
an clicitor of systemic resistance 1t should have no anitfungal properties, while the other
schocl sugpests that the antifungal properties of the chemicals are irrelevant since the

resistance 15 expressed at some point distant from the mntial treatment.

The direct effect of 13mM NaSA, 25mM PP and 20mM MJ on pathogen growth was
examined i vivo. Plants which had the chemical applied and allowed to dry for 4 hours
before inoculation all exhibited significant reductions in the level of mildew infection
observed.  The second treatmnent where plants were moculated prior to spraying also
exhibited significant reduction i mildew development. The reductions observed i this

instance for 13mM NaSA and 25mM PP were much smaller than for the first treatment.
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Treatment with 20mM MJ caused reductions m the second (rial of the same magoitude as

those observed in the first trial.

Plants which exhibited a roduction in mildew development  following  the
spray/dry/inoculate treatment were likely to be exhibiting some degree of local nduced
resistance in addition tc possible fungitoxic effects. The 4 hour delay would have been
sufficient for localised resistance to be mduced, which can, at least partially, contain the
development of the pathogen. Under the second set of conditions, i.e. sprayfinoculate, the
reduction in mildew development obtained with NaSA aud PP, was untikely 1o be dus o
any fungitoxic effects. It is more probable that the reduction is dircelly rclated to the
effect of liguid on the germiunation of mildew conidin. Very large reductions in mildew
development were observed on those plants sprayed with 15mM MI, post inoculation.
The 83% reduction observed is unlikely to be solely due to the cffect of lignid on the

germination of mildew conidia. It appears 15mM MJ has fungitox.c properties.

4.7  Direct Antifungal Effects uf the Elicitor Chemicals in vitro

The antifungal effects of the three chemical elicitors, 15SmM NaSA, 25mM PP and 20mM
M), werc investigated further in vitro, although since I, grawminis is an obligate biotroph,
alternative plani pathogens had to be used. With both £. avenge and C. perniciosa the
rate of radial growth decreased as the concentration of the amendment increased. This
was true for all 3 chemicals exanuned. When a core was taken from the feading edge and
transferred to a PDA plate with no amendments, similar rates of growth were achicved
with all samples. Statistical analysis showed no significant difference between the control
and the treatments (results not shown). From these results alone it would be easy to

assume that the chemicals were not fungitoxic, but fungistatic. It must be considered,




however, that if the chemical 1s nol nmformly distributed within the medium. the
pathogen may avoid direct physical contact with the chemicais. It is likely that the
pathogen biomass on amended agar plates was significantly less than on contvol plates,

since mycehal growth was probably very thme on treated plates.

To further clanfy the cffects of the elicitor chemicals on pathogen growth in vitro, P,
avenae and C. perpiciosa were grown in amended PDB. The effect, in all cases, was a
very marked reduction im growth. Ouly the loweslt concentration of each chemical

Tl i demra O
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amendment was capable of supporfing pathogen growth.
avenae and C. perniciosa. This data suggests that the 3 chemicals used throughout this
project, 15mM NaSA, 25mM PP aad 20mM MJ, all have fungitoxic proputtics in vitro.

Ii 1s important to remember that the work on the direct effect of the chemicals on mildew
and the effect on pathogen growth in culture are not directly compared. Thus, with
mildew, the effcets of the chemicals were studied ou developing germlings on the leaf
surface, as compared to mycelial growtlt i culture. It is highly likely that the developing

geruling and mycelium exiubit markedly different sensitivity to inhibition/ chemicals, as

noted in other studies (Walters, 1995).

In the 1994 review by Kessman he outled 2 set of gencral cnteria which had to be
satisfied before a compound could be classified as an eficitor of SAR (See section 1.3 5).
One condition is that the compownd must not possess any aatifungzl actrvity, a claim
which 1s disputed by Kiic (1995). From this work it is clear all compounds screencd in
this trial cxbibited antifungal propertics. Therefore whether thie respotise observed can be
classificd as systemic acquired resistance is unresolved.  Nuvertheless, althouph these
chemicals posses antifungal properties, they are also capable of induemg systemic

protection to powdery mildew. The mechanism for the cxpression of this resistance is
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likely therefore be systemic. Since 1t is unlikely that sufficient chemical conld have been
transporied out of the inducer leaf to the upper leaf and then been taken up by the
developing mildew. Indeed Walters et al. (1993) found that treatment of the lower leat of
barley with *C-salicylate led to the accnmulation of small amounts of the compound in
the upper leaf, Although this small concentiration of salicylate (2 ! ol g7 ) would have
been sufficient 1o induce SAR, 1t is unlikely to have heen sufficient to exeri direct
antifungal etfects on the mildew. Sumilas work is required for the three compounds used

in (his study.

4.2 Effects of Methyljasmonate Vapour

4.2, General Sereening of Methyljasmonate Vapour

Methyljasmonate liquid, in earhier sereening trials, was shown te be a potent elicitor of
systemie resistance. It was therefore considered usefisl to determine whether MJ vapour
exhibited any potential as an elicitor of resistance.  'When the lower leaf of barley was
exposed to undiluted MJ vapour significant reductions in mildew were observed. This
was also true for the vapour from 15mM M. However, it is interesting to note that the
undiluted M) showed optimal induction of resistance after a 30 minute exposure, whercas
with the vapour from 135mM M]J, a 2 Ir exposure time was required.  The uptake of MJ
vapour will almost certainly be via the stomata. One acknowledged effcct of MJ in plants
is stomatal closure {Curtis, 1984). It is quite possible therefore that for undilnted M7 and
[3mM MJ, 30 mins and 2 hrs represents the time taken for stomatal closure to occur.
The 30 mins and 2 hrs taken for undifuted and 20 mM MJ to effect stomatal closnre
would have allowed an mereased uptake of MI, leading to increased elicitation of

systemic resistance. Upon stomwtal closure, aptake of MJ would be reduced and s0 no

197




further increase n  the elicitation of systemic vesistance would ocour.  Indeed after
stomatal closure the level of M7 within the Icaf might decrcase due to metabolism, ieading

to a possible fall in the elicitation of systemic resistance.

4.2.2  Optimal Lag Period for Methyljasmanate Vapour

As with the liquid slicitors of resistance to ensure opfimal resistance was nduced it was
mmportant to establish the optunal lag period between clicitor treatmeunl and challenge-
moculaiion. As i section 2.2.2 4 range of lag timcs were examincd, The optimal lag
petiod was found to be 24 hours. This was 24 hours less than the time mterval which was
found to be opfimal m plants treated with liquid elicitors. Ji is possible that the lag period
required for vapour treated plauts was reduced because of the method of wptake into the
plants.  The MJ vapour, if taken np 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 mmay morc rapidly initiate the chain of reactions leading to the cxpression of
induced resistance. It is also possible that the vapour misses out some of the carlier

stages in the cascade of events leading 1o the induction of SAR, smce MY has Leen

suggested as a possible signalling molecule in SAR.

423  Lffects of Metiiyijasmonate Vapour on Mungal Grawih and Development 1 vivo

and in Vitro

Following on from this work, the direct effect of MT on fungal pathogens was cxamined

oth i vivo and s vitro. When the lcaf was inoculated and then exposed to vapour from

either undihuted or 20mM MJ, solutiun, a significant reduction in mildow development
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was observed. As expecled exposure to undiluled MY resulted in the largest reduction in
powdery muldew development. To further investigate the direct effect of MY on the
germination and development of . gramimis conidia, tap water agar was moculated with
mildew comdia and then exposed to the vapour from either vadiluted or 20mM M. 1t is
acknowledged that because £. grawmiiis is an obligate parasite, the germiation of the
conidium and germ tube production are the only 2 stages to ocowr on agar. During the
experiment, if germination had eccurred but germ wbe developrment had faed or was
distorted this was classed as a fail, since /n vive this would translate into a [ailed
penctration atlempt and hence restricted pathogen growth,  On examination it appeared
that germination of the conidia was not affected by the presence of MJ vapour, either in
its diluted or undiluted form, but germ tube development was severcly disturbed. The
gorm {ubes observed after exposure to MI vapour of 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
wndiluted and 20mM M solution, to severcly restrict germ tube development. T is
possible that in the fz2 vivo trial the delay between inoculation and exposure to MJ vapour
allowed the germination process to begin, thus the fip of the germ tube may have been
present as the plant was exposcd to the vapour. As inr the case of hquid cliciiors localised
rosistance may have had some part to play in the restriction of pathogen growth. Another
possible though tess hikely explanation is that the vapour left behind some fonn of residue

on the leaf surface which had a direct antifimgal effect on the pathogen.

4.3 Effects of Twe Jasmonic Acid Precursors

Two faity acid precursors of jasmonic acid were assessed for their ability to induce

systemic resistance. All concontrations of linolenic acid showed significant reductions in
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mildew development, with the largest ceductions obtaiued using the SmM concentration.
Linoleic acid. however, gave no reduction in disease developmeut at any of the
concentrations tested. In fact slight irnereascs 1 mildewe development were observed with
ali concentrations of linoleic acid tested. Farmer and Ryan (1992) cxamncd the ability of
jasmonic acid precursors o induce the accumulation of protemase inhibitors, defense
rcfated compowuts induced as patt of a SAR type reponsc (o nsect feeding. Thev found
that linolenic acid strongly induced their accumulation, while linoleic acid had little effect.

Although difforent sets of genes are involved here, the principle remains the same. [t
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appears that linole 1d, which is closer in structure to jasmonic acid than inoleic acid,

has the ability to mimic the action of jasmonates.

4.4 Growth Analysis

Treatment of the lower threc leaves of young barloy plants with the elicitors led to
mereases i plawt dry weight. Although the dry weight increases following treatment with.
NaSA aud MJ were small, those obtained following application of PP were larger.
Challenge-inoculation of the upper leaves with mildew reduced dry weight slightly in both
control plants and n treated plants, although the dry weights of the treated plamts were
stifl greater than controls. Intercstingly, Reuveni et al. {(1993) showed that treatment of
the first leaf of cucumber secdhings with 100 mM K,PO, led not only to systemic
protection of the upper leaves agaiust the powdery mildew fungus Sphacrctheca
Juligenea, but it also resulted in mereased plant growth. In the present study, the leaf
arca of the plants treated with NaSA and PP were litile different from the contsols,
whereas for the MI-treated plants, leaf areas were substaintially reduced compared to
controfs. The results for PP treatmont suggest the greater dey weight of these plants nmnst

be due to increased rates of photosynthesis. Certainly, the calculated leaf area ratios, leaf
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weight ratios and specific leaf arcas of these plants confinm that leaves in PP treated
plants may not be larger in teums of area, but they are heavier ie. they contain mare dry
weight. The calculated valies for net assimilation rate for the PP treated plants fluctuate
over the experimental peried, with no conststent differences between the controls and the
treated plants. Although this might appear to suggest that increases in photosyntiesis in
PP treated plants are unlikcly, it must be remembored that NAR is a calenlated measvre
of the rates of net photosynthesis and respiration for all leaves on the plant (FHunt, 1975).
Given that intection increases rates of dark respiratton m plants (Walters, 1985), and we
know nothing of the rates ol respiration in cliciior treated plaats, it would seem prudent

for furure studies to examine CO» exchanges in such plants.

Treatment with MJ led to substantial reductions in leaf area, with LARs and SLAs
mndicating that these plants mvested much less encrgy in leaf area than the controfs. Since
there were small increases i shoot dry weight withe MJ treatment, it seems plausible to
suggest that rates of photosynthesis were increased. Indeed, LWKs point to these leaves
being heavier than controf leaves. But exogenousty applied jasmonates have been shown
to reduce rates of photosynthesis 1 treated tissues (Popova et al., 1989), and what effect
M freatment of lower leaves has on photosynthesis o upper leaves is unknown,
Jasmonates are also known to inhibit expression of genes encoding proteins involved in
photosynthesis, and to stimulate the accumulation of vegetative storage and other proteins
(Crecliman and Mullet, 1997). If this 15 so, then perhaps we should not be looking
towards a change i photosynthesis as a mechanism for the increased dryv weight in MJ
treaied plants, but lowards an increased accumulation of, for cxample, slorage proteins.

‘This is certainly deserving of further investigation.
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The cffects of NaSA treatment on barley were small. Plant dry weight was increased
slightly and leaf areas were unaffected.  Although there are reports that cxogenous SA
can.increase plant growdh, 1t is more commonly roported to be phytotoxic (Pierpoint,
1994). SA is known to close stomata in some species (Pierpoint, 1994), but it is not
known whether it does so m barley. Even if the NaSA treatments i thus study led to
decreased stomatal aperture, this effect has besn shown to be transient in other species
(Pierpoint, 1994). In any evenl it seeins clear from the results presenied here that NaSA

15 unlikely to perturb the rates of photosynthesis.

4.5 Enzyme Activity

1t 1s interesting to observe that when control plants weve challenge-ingeulated. enzvime
aclivity at the end of the experiment was often as high as. if not higher than that observed
1n elicitor trented plants. Therefore, susceptible plavts do respond to pathogen atiack, but
1t is the speed of the response which is the entical factor m determining the success or
{atlure of pathogen confainment, The responses observed in control plants would be too
slow to contain or restrict pathogen prowth. The pathogen would have sucessfully

established itsclt before enzyme activity was sufficient to limit fungal growth,

In many cases leaf 2 1.e. the leaf which was challenge-inoculated, showed the largest
increases i enzyme achivity. This would be expected since it was under the greatest
pathogen pressure and hence the magnitude of the response should be greatest. This was
truc for both control plants and elicitor treated plants. In challenge-inoculated control
plants, enzyme activity in leaves 1 and 3 barely rose above the valves recorded at the
beginnmg of the experiment. Uninocutated control plants showed little fluctuation in

euzyme actvity, probably because of the absence of disease pressure.
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From this study 1t was not possible to conclude which of the enzymes monitored, if any,
were responsible for the restricition of pathogen growth observed. it 1s uniikely that any
of the observed increases m enzyme activity were responsible for the reductions in
powdery mildew development, since they ocenred too late to uccount for the reductions
mildew levels observed. More probably the observed mcreases were part of a secondary
response, responsible for the long term protection of the plant. The possibility exists that
there already had been a burst in enzyme activity in the carly stages of pathogen attack,
but that was not monitored in this study. it is aiso possibic that the cazymes monitored

are not those respensibie for the primary responses.

Reglinski et al., (J997) reporled similar findings for PAL when Salicylic acid was
applied. 2mM Salicylic acid applied to the leaves of Kiwt fvit resulted i a 10 fold
mereasc in PAL acuvity after 2 days. This is cousistent with reports for other plant
species, (Kauss cf ab., 1993). Anfoka and Buchenaur (1997) found significant tnereases
in both PAL and peroxidase levels in tomato plants tieated with TNV which were

expressing SAR.

Both Heiiz et al., (1997) and Bohlaad ¢t al., (1997) found that different elicitors appear to
activiate  different  lipoxygenase  species. When  chitm  oligosaccharides  or
methyhasmonate were applied to wheat the increase in lipoxygenase activity was more
rapid than when germ tube extruct was used. In addition different lipoxygenase species
were mduced, supporiing the theory that differest types of exogenously applicd clicitor
exert thar effects via different reaction cascades, and that previously incousistent resuits

may af least parizally be explained by thus (Bohland er al., 1997).
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4.6 Ficld Trials

In the 1993 field trial, levels of powdery mildew observed on conirol planis were
significantly higher than the levels on plants treated with elicitors of vesistance. Although
hoth elicttors of resistance cxhibited sigmficant reductions in mildew development, it

appears that 135mM NaSA performed marginally better than 23mM PP,

There were no significant differences in plani height or plant dry weight between eontrol

plants and those treated with elicitors in 1993, This was also observer in 1994, Grain

weight in elicitor treated plants was significantly increased in 1994, though not in 1993

There arc three possibie reasons for the mereasc in gran weight:

A- A decrease in the level of discase m the flag leaf means that more assunifates were
available for grain fill

R-  Anincrease in photosyithesis to compensate for SAR

C- A combination of the A and B

The second application of elicitors coincided with the development of the flag leat. As the

flag leaf emerged, the crop was sprayed. As a result, the flag leat was svstemically

protected against pathogen attack. A decrease in disease in the flag leaf’ is koown to be

directly linked to an increase in grain fill, since the {lag leaf is responsible for the

synthesis of assimilates for grain fll, resulting 1 an increase 1n vield (Hay and Waiker,

1989). It is possible therefore that a similar situation occurs in barley, and with the

nereased photosynthesis, SAR would not occur at the expense of plant yield. Awn increase

mn photosynthesis i systemically protected leaves would alse compensate for thic

reduction in photosyuthesis in muldewed leaves. It is uolikely that either A or B are

solely responsible for the increase in veild and it is more probable that a combination of




the two brought about the abscrved results. It 1s recognised that mfection by biotrophs
tesults in @ decline in the rate of nct photosynthesis in the host (Waiters, 1985). Bearing
this in mind, a heavy infection of the flag leaf would resuli i a decrease in assimilates
required for gram fill, and hence a reduction 1o viekl. This is likely to be the rcason for

the observed reduction in yield of control plants.

In 1994, i addition to the two ¢liciiors of resistance, 15mM NaSA and 20mM MJ, 3
commercial finpgicides were included in the field trial. The leaf area infected by powdery
mildew was decreased with all treatments. Resuits were mixed however, aud at some
assessiments the commercial fingicides gave better resuits than the elicilors of resistance
and vice versa. However, by asscssment 4, 20mM MJ had outperformed any of the
commercial fungicides included in the tial, Powderv mildew contro! provided by NaSA

was only slightly inferior to that provided by Folicur.

Plant height in 1994 was unaffected by treatment with cither elicitor or conunerciat
fungicide, with the cxception of MI treated plants. MJ treated plants were significantly
smatller than both control plant and other treatments. Tt is possible this is a reflection of
the influence on plani physiology that MJ has. Treatment of plants with MJ has been
associated with a number of plant responses including inhbition of growth, early
sencscence, stomatal closure and foss of chlorophyll (Andevson, 1989: florton, 1991

Herrmann et al., 1989),

All clicitor aud fangicide treated plants exhibited an lncrease in grain weight. FElicitor
treated planis exhibited a significantly highcr graio weights than fuugicide treated plants,
I fungicide treated plants st 1s probable that it was the reduction in disease on the flag

leaf which was respansible for the observed imcrease in grain weight. With elicitor treated
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plants it is possible that increased photosynthesis  systemically protected tissue, if this

indced occured i the field trial, woulkl, in combination with the reduction in mifdew on

the flag leaf, account for the increase n grain weight.

However, it must be noted that environmental factors outwith our control may have
nfluenced the resulis observed. It is possible that they exacerbated or masked the
magninude of some of the results observed. Vo evaluate the swtability of SAR for feld
scale use, a long terwn study would be required in arder to eliminate varjabihity braught

about by environment.

1t 1s important to nete that the reductions it mldew devclopment following the application
of the inducer may not have been solely the result of SAR induction. To consider the field
trial as puicly an exercise in SAR, it would have been necessary 1o paint individual leaves
with the clicitor. This would have been impractical and not viable on a ficld scale.
Hence, the elicitors were treated i the same way as any other fungicide and evaluated on
the samnc basis. Tt is likely that the rednctions cbserved in mildew mnfection were due to a
combipation of 3 factors:

1~ Direct ellect of the chemicals on the pathogen. 1t was shown in carlier experiments

that all chemicals exhibit some degree of antifungal activity

2-  Local acquired resistatice

3- Systemic acquired resistance

It is virtually mpossible therefore fo detenmine what proportion of the disease control
observed could be atiributed to the development of SAR. Whatever the mode of action of
the chemicals screened they appear o offer considerable potential as a mears of discase

control.
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4.7 Conclusions

The definition of disease resistance is highly subjective and 1s more often classified by
economic restrictions imposed upop a crop than by the level of discase the plant s
palurally capable of fighting. It is these financial and economic considerations winch
place growers and farmers in an increasingly ditficult position when choosing cultivars
for production. It is a popular miscouception that apparently susceptible plants lack the
genetic information and hence the mechanisms for fighting discase. Ilowever, 1t 38 now
apparent that 1t is the fine control of these defense mechaiusiis aud genetic infonmation,
rather than a complete lack of thewm per se¢ which determines resistance under a given sel

of envirommental condttions.

More emphasis has been placed, historically, on the discovery of new resistance genes
than the use of potential which already exists within the plant.  Although the use of
induced resistance in the field is still i its intancy, indications are thas it 1s an effective
means of controlling disease. At present there are no dications that induced resistance
produces metabolites or toxing which tairt food. The commercially available elicitors of
resistance ¢g the Novartis produced product Bion® operate via the production of PR-

proteins {Lawton et al., 19946}, which represent 1o problems reparding food safety.

Desprte the fact that the mode of action of the elicitor 15 to induce naturally occuring
defence mechanisms which are fatent in the plant, they are still subject to the same
fegisiation which applies to ‘normal” pesticides i.¢. Plant Protection Products Regulations
1995 ( Euwropean legislation which governs pesiicides 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 o an approvat for their
use ag 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 o go through the lengthy and
expensive process of pesticide registration.  Indeed this would appear (o be an
mereasingly common routc to launching new products on the market. The phosphatc
based product Phosphyte® 1s marketd as a readliy available fonm of phosphate used
prirnarily o strawberries. However, it 15 comunonly recognised that one of the hreakdown
products of tins ‘fertiliser’ is phosphorus acid- a ighly effective treatment for the contrel
of red core of strawberries. Iwdecd phospborus acid is the active ingredient in another

Lighly sucesssful pesticide uscd for the control of red core 1.e. Allictte.

Because of the variability which can sometimes be detected in elicitors as a result of
seasonality or environment, they may appear less attractive Lhan the corrent range of
commercially available pesticides. It is hkely that a number of the field scale trials
reported have used unformulated elicitors. The formulation of elicitors may decrcase the
vaniabiiity ot the observed cffects, this however is an area which stil) requires a significant

amount of research,

The nature of elicitors of resistance is 0 act by priming plant defince mechanisms to
respond more rapidly to pathopen attack. To be usclul, therefore, it has to be applied
prior to pathogen attack, unlike some commercial products which have curative as well as
protectant properties. It would appear feasible that clicitors of resistance have a place, mn
the tuture, i integrated crop management. There is at present an acute awareness af the
possibility of pathogens developing resistance o fungicides. 1t may be possible at a later

date to combine ¢licitors of resistance with commercial fungicides to produce a broad
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spectiim product with multi-site activity, which will lessen the possibility of pesueide

resistance developing.

‘The phenomenon of SAR presents plant patholopists with an excitiag system of disease
coutrol which is not open to breakdown due to the development of resistant strams of
pathogen. Kitc {1987) has already outhined the twerits and disnierits of SAR as a potential
forin of disease control in the field. Amongst the more obvious is the fact it protects
plants from a wide range of plant pathogens including viral, bacterial and fungal discases;
it depends on more than one mode of action, iherefore it is more siable than other systemic
fungicides; it is persistent; it is systenuc and it ualises the potential for disease resistance
which is present in aii plants, hence it may be considered natural, depending on the elicitor
used, and so safe for man and the environment. The disadvaniages are predominantly
associated with Insufficient scientific data to support the observation in the field,
economic feasibility and social attitudes towards the phenomenon. SAR has provided the
possibilily of developing a form of disease control which relies on the expression of latent
genetic information for the expression of discase resistance in high quality and high

vielding plants.
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5. FUTURE WORK



5 FUTURE WORK

[n continuing the work undertaken for this thesis, there are a munber of areas where
further investigation would provide information: useful in determuining the viability of SAR

as a potential means of disease control in the ficld.

In discussing the results of the growth analysis experiments and the ficld trial, it seems

possible that changes in photosynthesis and assimiatc pastitioning were important.

Future work should study the direct mfluence of SAR on photesynthesis and respiraiion

since this would provide a more aceurate wnpresston of how growth is altered in plants

expressing SAR,

A more delailed study of defence refated enzyme activity in SAR plants woukd broaden
the picture and provide useful information on the defence reactions initiated i barley
planis. Many studies to date have reported increases in mRNAs of defence related
compounds. However, many of these studies have not gone on to determine whether they
arc snbsequently transcribed and synthesised.  Future studics should inchide an
exarnination of lignification and papilla formation, since they are important in resistance
of barley to powdery mildew and since both PAI and peroxidase are mvolved in Tignin

formation (Carver et al., 1995).

Further congideration should also be given to further detailed studies on M vapour. It
would be useful to carry out a comparative study of the defence mechanisms exprossed by
trecatment with M) solutions and those expressed following freatment with M vapour.

MI vapour would appear to be a potent elicifor of SAR, and therefore it would he
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intercsting to consider whether the mode of action and the defences mduced arc the same

as those induced by hquid MJ.

A prefiminary study (resufts not shown) into the duect effects of MI vapour on the
devclopment of . giraminis penrination on the leaf surface indicated that certain stages
were more susceptible lo M vapour damage than others. The early indications are that
the formation of the appressorial mitials and developraent of clongating secondaty hyghae
are more seriously affected by exposure to MJ vapeur, than conidial germination or
maturation of appressona. These daia meed to be conflinmed by further detailed

exanation.

This study highlighted how two of the most fuondomental environmental factors,
temperaiure and photoperiod, influenced the develooment of SAR. Before piving SAR
further consideration as a potential means of discase control m the field, it would be
essential to determine how other environmental factors, such as light mtensily, nutritional
status of the soil and water stress, miluence the ability of the plant to express SAR and
maintain normal growth. Though seemingly unimportant, these envirommental factors are
the key 10 our ability to use SAR in the field as an altemative means of diseasc control.
Factors such as tomperature would mflucnce where in the world SAR could be used.
photoperiod and light ntensity would be atfected by the seasons thus mfluencing when in

the year it could be used most effectivelv.
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