


INDUCED RESISTANCE TO DISEASE IN PLANTS 



Developments in Plant Pathology 

VOLUME 4 

The titles published in this series are listed at the end of this volume. 



Induced Resistance 
to Disease in Plants 

Edited by 

RA YMOND HAMMERSCHMIDT 
Department of Botany and Plant Pathology, 
Michigan State University, 
East Lansing, Michigan, U.S.A. 

and 

JOSEPHKUC 
Department of Plant Pathology, 
University of Kentucky, 
Lexington, Kentucky, U.S.A. 

Springer-Science+Business Media, B.Y. 



A C.I.P. Catalogue record for this book is available from the Library of Congress. 

ISBN 978-90-481-4488-4 ISBN 978-94-015-8420-3 (eBook) 
DOI 10.1007/978-94-015-8420-3 

Printed on acid-free paper 

AII Rights Reserved 
© 1995 Springer Science+Business Media Dordrecht 
Originally published by Kluwer Academic Publishers in 1995 
Softcover reprint ofthe hardcover lst edition 1995 

No part of the material protected by this copyright notice may be reproduced or 
utilized in any form or by any means, electronic or mechanical, 
including photocopying, recording or by any information storage and 
retrieval system, without written permission from the copyright owner. 



Table of Contents 

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. vii 

Induced resistance in Legumes ..................................... 1 
B.J. Deverall and E.K. Dann 

Induced resistance in the Solanaceae ................................ 31 
O.L. Ozeretskovskaya 

Induced resistance in Cucurbits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 63 
R. Hammerschmidt and P. Yang-Cashman 

Induced disease resistance in Monocots .............................. 86 
U. Steiner and F. Schonbeck 

Molecular regulation of systemic induced resistance . . . . . . . . . . . . . . . . . . . .. 111 
B.A. Stermer 

Thoughts on the role and evolution of induced resistance in natural 
ecosystems, and its relationship to other types of plant defenses 
against disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 141 

M.e. Heath 

Practical application and implementation of induced resistance ............. 152 
S. Tuzun and J. Kloepper 

Induced systemic resistance - An overview. . . . . . . . . . . . . . . . . . . . . . . . . .. 169 
J. Kuc 

Index 176 



Preface 

Induced or acquired resistance to disease in plants has been known for many years. 
However, until only about 10 years ago, this phenomenon has only been studied in a few 
laboratories around the world. Since the mid 1980's, there has been increasing interest 
in induced resistance as anew, environmentally safe means of disease control as well as 
a model for the study of genes involved in host defense and the signals that control these 
genes. 

Because of the interest in induced resistance, we felt that the time was right to try to 
collect much of the current as well as older literature on this topic in one book. 
Although many reviews on this subject exist, none has covered or could attempt to cover 
this topic in a very broad fashion. To attain this goal, each of the authors was asked to 
cover their topic as comprehensively as possible so that each chapter would serve as a 
solid introduction to the literature. In addition, each author was also asked to present 
their own views on the state of research in their area and to address where future 
research might head. The book addresses the biology of induced resistance in four plant 
families that have received the most attention, the molecular basis of induced resistance, 
the genetic and evolutionary significance of this phenomenon, and the practical 
application of induced resistance in disease control. 

Study of induced resistance is rapidly expanding . We hope that this book will provide 
background for those interested in beginning work in this area as well as serve as a 
source of information for established workers who wish to learn about other areas of 
induced resistance. 

vii 



INDUCED RESISTANCE IN LEGUMES 

B.J. DEVERALL AND E.K. DANN 
Department of Crop Sciences 
The University of Sydney NSW 2006 
Australia 

1. Introduction 

Induced resistance is taken to mean heightened resistance in a plant towards pathogens 
as a result of a previous treatment with a pathogen, an attenuated pathogen or a chemical 
that is not itself a pesticide. This review chapter is concerned with induced resistance 
in leguminous plants. It particularly seeks and evaluates evidence for induced resistance 
to fungal and bacterial pathogens, but makes occasional reference to induced resistance 
towards viruses and pests where this is related to its main theme. For more extensive 
coverage of induced resistance to viruses, see Fraser (1985) and Ponz and Bruening 
(1986). For coverage of induced resistance to pests, see Tallamy and Raupp (1991). 

Induced resistance may be localized at the site of the inducing treatment or it may be 
systemic and thereby effective in all or some parts of the plant distant from the site of 
induction. Systemic induced resistance attracts the greatest interest from the viewpoint 
of understanding the underlying mechanisms and by providing potential for its use in new 
methods of crop protection. Use of systemic induced resistance as part of programs for 
integrated pest and disease management is an exciting prospect. 

The Chapter starts by evaluating the evidence for the occurrence and underlying 
mechanisms in bean (Phaseo/us spp.), where most has been done. It then assesses 
evidence in soybean, pea and other legumes. A great deal of recent research has been 
carried out in legumes on molecular bases of expression and elicitation of resistance to 
avirulent strains of pathogenic species, and, although not directed to explaining induced 
resistance, it is categorized here for its future contribution to understanding parts of the 
process of induced resistance. The Chapter ends by summarizing the extent of 
knowledge of the biology and physiology of the process of induced resistance in the 
legumes, and emphasizing the great deal that needs to be done. 

R. Hammerschmidt and 1. Kut! (eds.), Induced Resistance to Disease in Plants, 1-30. 
© 1995 Kluwer Academic Publishers. 
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2. Biological Evidence for Induced Resistance in Bean (Phaseolus) 

2.1. LOCALIZED INDUCTION OF RESISTANCE 

The first demonstration of localized induced resistance in bean was against 
Colletotrichum lindemuthianum, the cause of anthracnose disease (Rahe et al., 1969). 
Using etiolated hypocotyls and sprayed conidial inocula, three plant pathogenic fungi that 
were not capable of causing disease in a particular bean cultivar were each effective in 
protecting that cultivar against a virulent strain of C. lindemuthianum applied 24 h later. 
Observations suggested that the protection was effective several cell distances from the 
sites of attempted infection by the first inoculum. 

Similar findings were obtained by Skipp and Deverall (1973) using several different 
parts of light-grown bean plants. Droplet application of an avirulent strain of C. 
lindemuthianum prevented the development of a virulent strain when this was applied to 
the same site 1 to 3 days later. The protection was effective on leaves and hypocotyls 
and in the seed cavities on the insides of pods. Mixing conidia of the two strains in an 
infection droplet greatly diminished the virulence of the virulent strain. Observations by 
microscopy revealed that the two types of conidia germinated and gave rise to infections 
in host cells quite readily, discounting the possibility that they interfered directly with 
each other. Continued observations of this type suggested that the interference was 
through a changed metabolism of the plant cells and that responses to the avirulent strain 
caused cells some cell-widths away to become abnormally sensitive to the virulent strain 
so that a rapid resistance was brought about. 

Following the observation that the interference was caused after interactions with plant 
cells it was found that the avirulent strain would also exert its effect when it was added 
one day after the virulent strain. By this means, it was possible to see that the virulent 
hyphae grew into host cells before the avirulent germ-tubes caused nearby cells to 
undergo hypersensitivity. Once the latter had happened, cells containing virulent hyphae 
also underwent hypersensitivity. This occurrence, even at a distance of several cells 
from the avirulent appressorium, suggested a change in the sensitivity of cells to virulent 
hyphae. 

Further evidence for a change in the sensitivity of bean cells around those which had 
undergone hypersensitivity to avirulent germ-tubes came from the use of heat treatments. 
Four days after inoculation of hypocotyls with the avirulent race, they were given a heat 
shock of 50°C for 30 seconds. As a result, all neighboring cells became necrotic 
whereas those at a distance from the penetrated cells remained healthy. Thus the 
physiology of bean cells around hypersensitive cells had changed so that they had become 
abnormally sensitive to either the presence of virulent hyphae or to heat. 

Localized induction of resistance in bean against the rust fungus Uromyces 
appendiculatus by an amino acid derivative has been reported (Tyihak et al., 1989). 
Aqueous solutions ofN-trimethyl-L-lysine (TML) at various concentrations were sprayed 
onto the undersurface of primary leaves of bean seedlings, and leaves were challenged 
1, 6 or 8 days later by inoculation with a suspension of urediospores (6 x HY'spores/ml) 
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of U. appendiculatis. Pustule densities were assessed ten days later and results varied 
enormously depending on the concentration of TML and the interval between induction 
and challenge. Maximum protection was observed as 36.5% of the infection density on 
control plants when 10-9 molll TML was applied 6 days before the challenge inoculation 
with U. appendiculatus. There was no protecting effect by the TML treatment when the 
interval between induction and challenge was only 1 day. Application of TML was 
shown not to inhibit germination of urediospores or formation of appressoria over 
stomata, suggesting that it acted through the physiology of the bean plant. 

2.2 LOCALIZED INTERFERENCE BETWEEN RUST PATHOGENS 

Yarwood (1954) showed that volatile emanations from rusted bean leaves inhibited 
germination of urediospores and impaired development of other rust infections. Yarwood 
(1956) compared the efficacy ofurediospores with fungicides as protectants against rusts. 
Thus he showed that 1-3 mg dry weight of urediospores of bean rust per dm2 of the leaf 
of the sunflower Helianthus annuus gave 50% control of uredial production of the 
sunflower rust Puccinia helianthi. Conversely, 4 mg of urediospores of sunflower rust 
gave similar control of bean rust. The effect was considered to be caused by self­
inhibitors. However, unless self-inhibition is much stronger between urediospores of 
different species than between those of the same species, it is surprising that there was 
no self-limiting effect of increasing the dosage of a pathogenic rust alone to 10 mg/dnt. 
This inoculum gave rise to so many uredia that it was impossible to count them. 

Inoculations of bean leaves with a mixture of urediospores of avirulent and virulent 
strains of the bean rust fungus, Uromyces appendiculatus, resulted in changes in the 
development of the strains only where contrasting infection sites were less than 1 rom 
apart (Ye and Deverall, 1989). Under these circumstances, avirulent strains progressed 
a little further than usual inside the leaves whereas the virulent ones gave smaller than 
normal uredial pustules. 

Observations by optical microscopy revealed that intercellular hyphae of virulent 
strains grew much less abundantly towards nearby infection sites occupied by avirulent 
strains. Interference between the two strains appeared to have occurred at a much later 
stage than germination of urediospores and ingress into the leaves. It appeared to have 
occurred after haustorial formation in mesophyll cells and therefore after metabolic 
interaction with the host cells. The reduced growth of the virulent strain may have been 
caused by competition between haustoria for cellular infection sites or by an induced 
resistance in the host, perhaps involving defensive products of cells affected by the 
avirulent strain. 

2.3 MORE DISTANT INDUCTION OF RESISTANCE 

Induction of resistance at a more distant site was first achieved in the bean! C. 
lindemuthianum system by Elliston et al., (1971) using droplet inoculation on etiolated 
hypocotyls. Complete protection against a virulent strain was shown when a droplet of 
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conidia of an avirulent strain had been placed at a site 0.5 cm distant 18 or 36 hours 
earlier. Partial protection was achieved when the droplets were put down at the same 
time. Observations by microscopy showed that the virulent strain penetrated plant cells 
from appressoria and then grew as primary mycelia from cell to cell in the normal way 
before stopping and the infected cells then underwent an hypersensitive reaction. 

A number of different species and strains of Colletotrichum were tested in the same 
type of experiment by Elliston et al., (1976a), seeking capacities to cause localized and 
more remote protection against C. lindemuthianum. Two species failed to give localized 
protection and two others and a race of C. lagenarium did so in an inconsistent way. C. 
tri/olii and two other races of C. lagenarium gave localized protection. Only these two 
races of C. lagenarium caused the more remote protection, increasing in their 
effectiveness with time elapsed from 0 to 24 hours between their placement and that of 
the pathogen. 

A special feature of these experiments using C. lagenarium was that resistance could 
be induced in bean cultivars susceptible to all races of C. lindemuthianum. The presence 
of-strain-specific resistance genes was not needed for a cultivar to express induced 
resistance. 

Induced resistance in cultivars lacking resistance genes was examined under 
microscopy of epidermal strips by Elliston et al., (1976b). Protection caused by C. 
lagenarium from a site 0.5 cm distant 24 hours earlier became evident 84 to 96 hours 
after inoculation with C. lindemuthianum, when the latter stopped growing from an 
extensive primary mycelium and the contents of the invaded plant cells became granular 
and brown. 

Using the same system to investigate localized and more remote protection, Elliston 
et al., (1977a) applied a temperature of 3rC for 12 hours before inoculation. The heat 
treatment did not affect local protection where pathogen followed inducer on the same 
site by 24 hours. The heat treatment did prevent the more remote protection achieved 
over the same time period in controls where sites were separated by 0.5 cm. These 
results suggested that the more remote protection was based on a different mechanism 
than localized protection, which had been associated with phytoalexin accumulation in 
parallel work (Elliston et al., 1977b). 

2.4 SYSTEMIC INDUCTION OF RESISTANCE TO DISEASE 

Induction of systemic resistance was first demonstrated in the bean! C. lindemuthianum 
system by Sutton (1979) using droplet inoculation on leaves of young plants. Substantial 
protection of the second leaves (first trifoliate) was achieved by inoculation of the first 
leaves (unifoliates) twelve days earlier. Symptom development at the protected site was 
much diminished and as few as one inoculum droplet on the first leaf was effective in 
achieving this. Preliminary tests also indicated the effectiveness of gently smearing 
conidial inoculum onto the first leaves in largely protecting the entire plants one week 
later from spray inoculation with the pathogen. Eleven of twelve-pre-treated plants 
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survived and grew on to flowering and pod fonnation whereas all twelve control plants 
died within a week. 

Sutton (1982) reported the results of a limited field trial after first leaves of seedlings 
had been dipped in conidial suspensions. The seedlings were planted out twelve days 
later and sprayed to run-off with inoculum. Seven days later there was light disease 
compared with extensive damage on control plants. Five weeks later, there was greater 
survival accompanied by flowering and pod set on pre-treated plants than on controls. 

Cloud and Deverall (1987) repeated the earlier experiments of Sutton (1979) 
confinning the effectiveness of droplet inoculation on the first leaves in greatly 
diminishing symptom development on the second leaves when these were inoculated a 
week later. Observations by microscopy of inoculated sites on second leaves showed that 
penetrations from appressoria were fewer on protected leaves. In some experiments, 
hyphal growth inside penetrated cells was seen to be less. At attempted penetration sites 
in protected leaves, appositions on the inside of the cell walls and encroachment of nuclei 
were observed indicating a number of cellular responses to infection. 

Some protection of upper parts of seedlings was achieved also by inoculating the 
cotyledonary node and the hypocotyl with the pathogen, but not by inoculating cotyledons 
perhaps because this caused the rapid abscission of the cotyledons. Substantial protection 
was also brought about by injecting, into the first leaves, culture filtrates and dialysis 
retentates of these filtrates from the pathogen. The results were consistent with the idea 
that cellular derangement in the first leaf by the inducing treatments caused a signal to 
move through the plant heightening the activity of resistance mechanisms to challenge 
inoculation. 

The most recent development on systemic induced resistance in the bean! C. 
lindemuthianum system comes from the availability from Ciba-Geigy AG of 2,6-
dichloroisonicotinic acid (CGA-41396). This compound was reported to induce local and 
systemic resistance in cucumber against C. lagenarium and some other pathogens 
(Metraux et al., 1990a) and in tobacco against a broad range of pathogens including a 
virus, two bacteria and three fungi (Ahl Goy et al., 1990). In cucumber, it was shown 
to move systemically following injection into the first leaf and to distribute to the 
youngest leaf, growing points and roots of seedlings; it also caused major accumulations 
of proteins including chitinase and of chitinase mRNA in the injected and the second 
leaves (Metraux et al., 1991). 

Tests on the bean system showed that application of a fonnulation with 20 p,g mll a.i. 
as a spray to first leaves not only protected the second leaves against C. lindemuthianum, 
but also against Pseudomonas syringae pv. phaseolicola, the cause of halo blight disease, 
and Uromyces appendiculatus, the cause of bean rust disease (Dann, 1991). Protection 
against C. lindemuthianum was similar at the three time intervals tested between 
application and challenge, 2, 4 and 7 days. Further work with similar treatments to first 
leaves of bean has shown that the third and fourth leaves are protected against C. 
lindemuthianum at 12 and 17 day intervals between inducing treatments and challenge 
respectively, and the third leaves are protected against the rust fungus at 12 days. 
Protection against halo blight disease was similar at the time intervals tested, 4 and 7 
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days. The amount of protection against C. lindemuthianum was similar to that obtained 
by treating the fIrst leaves with the same pathogen, as in previous work. The active 
formulation had no effect on conidial germination and mycelial development of C. 
lindemuthianum and of the fungus Botrytis Jabae, thus corroborating results of Metraux 
et al., (1991) using C. lagenarium and Pyricularia oryzae. 

Resistance can, therefore, be induced systemically in bean plants against several 
fungal and bacterial pathogens of leaves above the leaf that was treated with the inducing 
agent. It is clearly effective in seedlings under controlled environment conditions and 
there are indications of its effectiveness in older plants under fIeld conditions. Whether 
it can be brought about by treating seeds or germinating seeds is unknown. Research has 
yet to be done in bean on induction of systemic resistance in roots or in the vascular 
system after treatment of seedling leaves or any other part of the plant. 

The only inducing agents used to-date are the local lesion-causing pathogen C. 
lindemuthianum, uncharacterized macromolecular products of this pathogen and 2,6-
dichloroisonicotinic acid. There is great potential for using systemic induced resistance 
in bean in crop protection but much further research and development is needed in order 
to realize the potential. 

3. Failure to Reveal Systemic Induced Resistance to Spider Mites 

Although concerning the reactions of plants with spider mites and not diseases, it is 
important to note that English-Loeb and Karban, (1991) obtained no clear evidence for 
systemic induced resistance in third leaves of bean plants to the two-spotted spider mite, 
Tetranychus urticae, following-mite-feeding injury to the fIrst and second leaves. This 
negative result contrasted with the demonstration that feeding injury to cotton cotyledons 
caused later cotton leaves to be more resistant to the same species of mite (Karban and 
Carey, 1984). 

In the bean experiments, the mites were present on the lower leaves at the same time 
as the assay was performed on the upper leaf, whereas, in the cotton experiments, 
induced resistance in the leaves was recorded 14 days after the feeding mites were 
removed from the cotyledons. Feeding injury to the bean leaves caused them to tum 
yellow and senesce prematurely, and English-Loeb and Karban (1991) suggested that the 
bean plants may have translocated nutrients to upper leaves making them more nutritious 
for mites, perhaps confounding any induction of resistance. 

These experiments emphasize the need for comprehensive testing of changes in 
resistance throughout the development of a plant following potentially inducing treatments 
and warn about making generalized conclusions at this early stage of understanding the 
reactions of plants. 
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4. Mechanisms of Induced Resistance in Bean (Phaseolus) 

4.1 THE ACTIVATION PROCESS AT THE INDUCING SITE 

4.1.1 Activation of Systemic Resistance. Three types of treatment have been shown to 
induce systemic resistance in bean. 

One is the use of virulent strains of the pathogenic fungus, C. lindemuthianum. 
These cause local lesions at the site of application and, therefore, considerable cellular 
and local tissue derangement. 

The second is culture filtrates of one of these strains or macromolecular fractions of 
the filtrates prepared as dialysis retentates. The filtrates and the dialysis retentates also 
cause major cellular and tissue derangement in the injected leaves (Cloud and Deverall, 
1987). 

It is likely that decompartmentalization within cells or the general stress brought about 
by these treatments causes the release of endogenous activating agents in the leaves. As 
a consequence, it is envisaged that a signal moves into the petiole and up the stem. 
Whether the signal is the same as the hypothetical endogenous activating agent is 
unknown. Also unknown is the nature of the macromolecular component(s) in the 
dialysis retentates. One or several components from the pathogen may be involved in 
activation. 

The third type of treatment is 2,6-dichloroisonicotinic acid, which does not appear to 
cause cellular or tissue derangement at the site of application. Presumably it moves 
rapidly and systemically in the plant as it does in cucumber (Metraux et al., 1991). It 
may share the physical properties of salicylic acid suggested by Yalpani et al., (1991), 
on the basis of modelling, to confer capacities for long-distance transport in the phloem. 
2,6-dichloroisonicotinic acid is envisaged as an artificial signal molecule, not activating 
release of a plant signal from the point of application, but moving into the petiole and 
stem in the same way as the hypothetical plant signal activated by the other two 
treatments discussed. 

4.1.2 Activation of Localized Resistance. Several types of treatment have been shown 
to induce localized resistance in bean. The most frequently used are avirulent strains of 
fungal pathogens of bean acting on resistant cultivars or fungal pathogens of other plant 
species that do not cause disease in bean. There are some indications that some of these 
treatments cause very local cellular derangement at the inducing site, visible as 
hypersensitivity, and therefore that they may act locally through similar mechanisms 
discussed above for activation of systemic resistance. 

One series of experiments with local resistance brought about by avirulent strains of 
a pathogen against virulent strains of the same pathogen implicate some very special 
factors as the activating agents. 

Specific factors causing localized induced resistance were revealed by Berard et al. , 
(1972) using infection droplets containing spores of C. lindemuthianum on the surfaces 
of bean hypocotyls. Droplets containing spores of an avirulent race were incubated for 
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60 hours, collected, sterilized by micro-filtration, concentrated and termed 'diffusates'. 
Diffusates were placed on surfaces of new hypocotyls of the same cultivar and then 
overspotted with spore suspensions of a virulent race 18 hours later. As a consequence, 
no lesions developed. The diffusates changed the usual course of the host-parasite 
interaction so that growth of the virulent race was stopped in the penetrated, normally 
susceptible, cells. Diffusates from infection drops containing virulent spores were 
ineffective. The specificity of the factor in the diffusates from incompatible interactions 
was shown by its effectiveness against virulent races only on the same cultivar from 
which it was derived. 

A further refinement was introduced into this work by the use of a larger range of 
cultivars. It was then found that the protection factor was also effective on different 
cultivars provided that they possessed the same genes for resistance to two different races 
shown to produce two protection factors which were distinguished by their effects on 
cultivars carrying the genes separately (Berard et aZ., 1973). The specific cross­
protection factors were uncharacterized. 

This intriguing work has not been followed up. Whether it has wider relevance to 
research and development on inducing resistance in bean and other legumes remains to 
be revealed. 

4.2 THE ROLE OF PHYTOALEXINS 

4.2.1 PhytoaZexins and Induced Resistance to Pathogens. Phytoalexins are antimicrobial 
substances that are synthesized by plants in response to attempted infection. Many are 
known in the legumes. 

Bailey and Deverall (1971) showed the rapid accumulation of the phytoalexin 
phaseollin to antifungal levels in bean cells expressing resistance to avirulent strains of 
C. lindemuthianum. Phaseollin was restricted to small areas of necrotic tissue at infected 
sites, as revealed by extractions of excised sections of stems, but its location inside 
necrotic cells and/or their immediate neighbors was not established. If the phaseollin was 
in the necrotic cells alone, its concentration six days after inoculation would have been 
more than 3000 Itg/ml, which greatly exceeds the 10 Itg/ml which prevented germ-tube 
growth in vitro. Phaseollin accumulated in the two to three day period after the first 
symptoms of cell death appeared and this coincided with the period when germ-tubes of 
the fungus were seen to slow in growth rate and to become restricted inside the necrotic 
cells (Skipp and Deverall, 1972). 

Phaseollin was not the only phytoalexin to accumulate in hypersensitive tissue, Bailey 
(1974) having shown that at least three other active compounds form in substantial 
amounts at the same time. These additional bean phytoalexins were phaseollidin (Perrin, 
Whittle and Batterham, 1972), phaseollinisoflavan (Burden, Bailey and Dawson, 1972) 
and kievitone (Burden et aZ., 1972; Smith et aZ., 1973). Rahe (1973a, b) following 
earlier work by Rahe and Kuc (1970) and using heat treatments for different periods after 
inoculation also implicated major increases in phaseollin in resistance to avirulent strains. 
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Phaseollin and other phytoalexins also accumulated rapidly when bean cells expressed 
resistance to avirulent strains of the bean rust fungus, U. appendiculatus (Bailey and 
Ingham, 1971; Elnaghy and Heitefuss, 1976). These phytoalexins were also shown to 
accumulate after application of a glucan-rich elicitor obtained from cell walls of germ­
tubes from the rust urediospores (Hoppe et al., 1980). The elicitor preparation also 
induced resistance to the bean rust fungus in treated leaves. 

In further experiments, first leaves of bean plants were vacuum-infiltrated with the 
partially purified and carbohydrate-rich preparation from germ-tube walls and then 
inoculated with the rust fungus 5 days later (Ebraham-Nesbat et al., 1982). The fungus 
germinated and produced appressoria in a normal way but many sub-stomatal vesicles 
were destroyed in intercellular spaces of treated plants. Some intercellular hyphae grew, 
albeit in diminished amount, and appeared to be undamaged but failed to give rise to 
haustoria in the cells of treated leaves. The absence of haustoria was associated with the 
presence of deposits of electron-opaque material inside plant cell walls and opposite to 
the intercellular hyphae. No such deposits were observed in control plants where 
haustoria developed normally. It was suggested that the preparation from urediospores 
elicited phytoalexin formation and that this contributed to the deterioration of-sub­
stomatal vesicles, and secondly that the preparation-affected fungus stimulated the 
depositions inside host cells. Prevention of rust development to the uredial stage, thus, 
was attributed to the combined effect of phytoalexin accumulation and impeded haustorial 
development. 

A simple explanation of the types of change in host plants which increase their 
resistance would be the diffusion of anti-microbial compounds from the host tissues at 
the sites of inoculation with the protectant organism. However, there is no evidence that 
any of the known phytoalexins diffuse from sites of formation in live cells, except into 
neighboring dead cells (Hargreaves and Bailey, 1978; Hargreaves, 1979). 

Systemic fungicides move for considerable distances in healthy plant tissue, and some 
phytoalexins may be able to move through the same routes taken by systemic fungicides, 
but this has not been shown. What is not possible at present is to give any evidence that 
the known examples of induced resistance are caused by the movement of phytoalexins 
between live cells, although diffusion from dead cells into nearby intercellular spaces 
affecting intercellular hyphae, such as of rust fungi, is conceivable. 

4.2.2 Phytoalexins and Induced Protection Against Pests. A possible protective effect 
of phytoalexin accumulation was examined in bean leaves that had been coated with 
extracts of glyceollin from soybean (Fischer, et al., 1990). Deterrence of two arthropod 
pests of legumes (the Mexican bean beetle, Epi/achna varivestis, and the southern com 
rootworm, Diabrotica undecimpunctata howardi) from feeding on the leaves increased 
with the concentration of glyceollin applied. Feeding was not deterred, however, in the 
bean leaf beetle Certorma trijurcata, even by very high concentrations of glyceollin. 
This beetle was considered to be better adapted than the other two pests to soybean and, 
thus, to have evolved greater tolerance of soybean defenses. The results indicate that a 
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phytoalexin can be an anti-feeding factor for some pests but do not prove a natural role 
for endogenous phytoalexins as induced factors for resistance to pests. 

4.3 THE TRANSLOCAT ABLE SIGNAL FOR SYSTEMIC INDUCED RESISTANCE 

Interpretation of systemic induced resistance in bean at present is that pathogenesis or 
injection of components of culture filtrates of C. lindemuthianum into lower parts of the 
seedling (Cloud and Deverall, 1987) causes local derangement of bean cells. This 
triggers the release of a signal molecule(s) that distributes throughout the upper parts of 
the seedling. As discussed earlier, 2,6-dichloroisonicotinic acid may be regarded as an 
artificial signal molecule. The signal molecules may activate cells in the upper parts to 
switch on defence mechanisms much more rapidly than they normally do in response to 
virulent strains of pathogens. If 2,6 dichloroisonicotinic acid acts in bean as it does in 
cucumber by causing the accumulation of chitinase and other proteins (Metraux et al. , 
1991), then it predisposes the plant cells to resist pathogenesis before challenge infection. 
Whether the hypothetical natural signal molecules resulting from pathogenesis in the first 
leaf act in this way remains to be investigated. 

It also remains for investigation whether salicylic acid increases in induced leaves, 
systemically protected leaves and in the phloem of bean plants as it does in tobacco 
reacting hypersensitively to tobacco mosaic virus (Malamy et al., 1990; Yalpani et al., 
1991) and in cucumber reacting hypersensitively to tobacco necrosis virus or forming 
anthracnose lesions after C. lagenarium inoculation (Metraux et al., 1990b). There is 
marked evidence for salicylic acid as an endogenous signal for induction of systemic 
induced resistance moving in the phloem and being closely associated with the 
accumulation of pathogenesis-related proteins in these two plants. Salicylic acid in bean 
expressing systemic induced resistance needs examination. 

Application of 3 mM sodium salicylate to stem cuttings of the asparagus bean (Vigna 
sequipedalis Fruhw.) decreased the areas of local lesions caused by tobacco necrosis 
virus in primary leaves (Pennazio et al., 1987). The salicylate also caused the 
accumulation in low concentrations of one protein that corresponded in electrophoretic 
behavior with one of several bands of pathogenesis-related proteins produced much more 
abundantly in response to the virus inoculation, a result similar to one reported for bean 
leaves (Redolfi and Cantisani, 1981). 

4.4 THE ROLE OF CHITINASES AND GLUCANASES IN INDUCED RESISTANCE 

Attention has been drawn to greatly enhanced chitinase and glucanase activities as a 
possible component of defence of plants against pathogens following numerous 
demonstrations of the existence of pathogenesis-related proteins (see review by Linthorst, 
1991) and the discoveries that some of these proteins have chitinase and glucanase 
activities. 

Some of the pathogenesis-related proteins in bean have been described (De Tapia et 
al., 1986) and genes encoding for endochitinase in bean have been cloned (Broglie et al., 
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1986). At least twelve genes encoding for pathogenesis-related proteins in bean cells 
have been distinguished by Walter et aI., (1990), who also deduced from elicitor-induced 
transcripts the existence of two novel and related proteins (PVPRI and PVPR2). The 
cellular sites of action, function and significance of these two proteins in bean remains 
to be demonstrated. 

Following the demonstrations of an exochitinase and a B-l,3-glucanase in extracts 
from bean leaves (Abeles et al., 1971), Boller et aI., (1983) showed that ethylene caused 
marked increases in exochitinase, an endochitinase and B-1 ,3-glucanase activities in bean 
leaves. A purified preparation of the endochitinase liberated oligomers of chitin from 
isolated cell walls of the plant pathogenic fungus, Fusarium solani f. sp. phaseoli. 

Immunogold staining of sections of ethylene-treated bean leaves viewed by 
transmission electron microscopy revealed that chitinase and B-1, 3-glucanase accumulated 
in vacuoles and also that a minor site of accumulation of B-1, 3-glucanase was the cell 
wall (Mauch and Staehelin, 1989). The accumulation of the enzymes in vacuoles was 
confirmed after isolation of organelles from leaves, and only B-l,3-glucanase was found 
in fluids washed from intercellular spaces. It was suggested that the glucanase activity 
might affect the walls of fungal hyphae invading intercellular spaces but that the chitinase 
and most of the glucanase would be released to affect hyphae after rupture of protoplasts 
in hypersensitive responses to infection. 

Infection of bean leaves from conidia of C. lindemuthianum caused marked increases 
in extractable B-l,3-glucanase and exochitinase activities (Daugrois et aI., 1990). The 
increases occurred soon after infection by avirulent strains and were associated with the 
expression of resistance. Increases occurred later after infection by virulent strains and 
were associated with the disruption of leaf tissues in the formation of anthracnose lesions. 
The infection induced glucanase was a basic form of the enzyme with endo-action on 
laminarin (a B-1, 3-glucan) and cell walls of Colletotrichum only. The extracts would not 
have distinguished sites at and distant from infections in the leaves and no search was 
made for changes in the enzyme activities in younger parts of the bean plants. 

Several unrelated investigations on these enzymes may have relevance in future work 
on mechanisms. A fungal elicitor caused rapid induction of mRNA for chitinase when 
applied to suspension cultures of bean cells (Hedrick et al., 1988). Spraying the 
oligosaccharide, chitosan, onto first leaves of bean induced resistance seen as a reduction 
in numbers of local lesions in the second leaves when these were challenged with alfalfa 
mosaic virus, suggesting that it may have been acting through the general active defence 
systems of the plant (Pospieszny et al., 1991). Chitinase and B-l,3-glucanase activities 
increased greatly in bean leaves that had been sprayed with 0.2 % mercuric chloride or 
inoculated with alfalfa mosaic virus (Awade et al., 1989). The enzymes were shown to 
have stronger serological relationships to maize and tobacco enzymes than to other 
similar enzymes in bean. As discussed earlier, intercellular chitinase and extracellular 
B-l,3-glucanase may play different roles in resistance. Endochitinases have lysozymal 
activity and are known to cause lysis of bacteria, as well as acting with endoglucanases 
to degrade fungal walls (Mauch et aI., 1988b). 
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It remains to be discovered whether 2,6-dichloroisonicotinic acid in bean causes any 
or all of these enzymes to become active throughout the plant as it does in cucumber 
(Metraux et al., 1991). It also remains to be discovered whether resistance-inducing 
infections or fungal preparations cause natural signals to be released in bean that either 
enhance activities of these enzymes before infection or render remote cells more 
responsive in generating these activities upon challenge infection. 

4.5 HYDROXYPROLINE-RICH GLYCOPROTEINS 

Localized induced resistance in bean is associated with the accumulation of mRNAs 
specific for hydroxyproline-rich glycoprotein synthesis on cell walls (Showalter et al., 
1985), and enhanced activities of key enzymes involved in this synthesis (Bolwell et al., 
1985a, b). 

5. Evidence for Induced Resistance and Underlying Mechanisms in Other 
Legumes 

5.1 INDUCED RESISTANCE IN RED CLOVER 

King, et al., (1964) reported that infection of leaves of red clover, Trifolium pratense, 
by bean yellow mosaic virus affected their susceptibility to the powdery mildew fungus, 
Erysiphe polygoni. Virus infection altered metabolism of the leaves so that they 
underwent hypersensitivity to the normally compatible powdery mildew. The visible 
responses of the host cells were then the same as those reported by Smith (1938) for 
varieties of red clover genetically resistant to E. polygoni. 

5.2 LOCALIZED INDUCED RESISTANCE IN SOYBEAN 

5.2.1 Evidence in Favor. The hypocotyls of soybean seedlings were wound-inoculated 
with Phytophthora cactorum and thereby protected from the normal killing effect of P. 
megasperma when this was wound-introduced to a nearby site on the hypocotyls (Paxton 
and Chamberlain, 1967). This protection persisted for a 15 day period as shown when 
P. megasperma was introduced at any daily interval after P. cactorum, and it was 
associated with a persistently high level of phytoalexin concentration in the protected sites 
(Svoboda and Paxton,1972). A less complete form of protection was revealed using 
inoculation with an avirulent strain of P. megasperma against a virulent strain. 

5.2.2 Questioning Evidence. Less convincing evidence for localized induced resistance 
in the soybean! P. megasperma f. sp. glycinea system was obtained in experiments using 
zoospores as inocula applied to one unwounded site on etiolated hypocotyls (Ward, 
1983). When mixtures of zoospores of two strains were applied, a high proportion of 
the avirulent strain (20: 1) slowed the rate of lesion development by the virulent strain but 
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did not prevent it. A proportion that favored the avirulent strain by 2: 1 did not slow the 
rate of lesion development by the virulent strain. Application of the avirulent strain 
several hours before the virulent strain prevented the development of the latter at some 
sites but not all, but even this prevention was overcome by increasing the proportion of 
zoospores of the virulent strain to less than parity. It was not possible to retard the 
development of the virulent strain at all by adding the avirulent strain after the virulent 
one. This study not only questioned the effectiveness of localized induction of resistance 
in this system but also provided some evidence that it was caused by direct interference 
between the strains and some evidence against a role for the phytoalexin glyceollin in 
restriction of lesion development. 

5.2.3 Possible Underlying Mechanisms. Introduction of a glucan-rich elicitor obtained 
from walls of P. megasperma f. sp. glycinea into wounds on soybean hypocotyls 10 
hours before inoculation with the pathogen markedly prevented disease development 
(Ayers et al., 1976). Immersion of roots of soybean seedlings in solutions of the 8-1,3-
glucan laminarin caused the accumulation of the phytoalexin glyceollin and of callose and 
also provided variable protection against a virulent strain of P. megasperma f. sp. 
glycinea (Bonhoff and Grisebach, 1988). 

Ethylene applied exogenously to soybean hypocotyls increased the activity of host 8-
1,3-endoglucanase (Yoshikawa et al., 1990). Partial resistance, observed as a decrease 
in hyphal colonisation and associated with an increase in glyceollin levels, was conferred 
in hypocotyls against a compatible race of P. megasperma f. sp. glycinea when 
inoculated 24h after ethylene treatment. As there was no direct fungitoxic effect of the 
purified glucanase on the fungus, it was suggested to act indirectly by releasing soluble 
glucans from fungal walls as elicitors of glyceollin. Exogenously applied purified 
glucanase also resulted in resistance of soybean hypocotyls to Pmg. 

The localization of phytoalexin accumulation to infection sites in soybean responding 
to an avirulent strain of P. megasperma f.sp. glycinea was shown with the aid of a 
radioimmunoassay for glyceollin I applied to fine sections of roots (Hahn et al., 1985). 
These results confirm more precisely the fact that pterocarpanoid phytoalexins such as 
phaseollin and glyceollin are not widely distributed in plants where resistance has been 
induced. 

The concentrations of the phytoalexin glyceollin and of the glucosides of the 
isoflavones, daidzein and genistein, were measured in the necrotic lesion and in the pale 
green border zone around sites of resistance to P. megasperma f. sp. glycinea in soybean 
leaves (Morris et al., 1991). Glyceollin was the only one of the compounds to 
accumulate in the necrotic center but interestingly glyceollin and four glucosides of the 
isoflavones accumulated in the surrounding tissue. More remote parts of the infected 
leaves were not examined in this study, but Graham and Graham (1991) in conftrming 
that glyceollin accumulated locally showed that the glucosides also accumulated in distal 
parts of soybean tissues remote from sites of elicitor application. No measurements 
appear to have been made in even more remote tissue, such as the next leaf. 
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5.3 APPARENT SYSTEMIC INDUCED RESISTANCE IN SOYBEAN 

Injection of cotyledons of soybean seedlings with conidial suspensions of C. truncatum 
or C. lagenarium rendered the epicotyls much more resistant to lesion development from 
inoculations of C. truncatum made 24 to 96 hours later but not to coincident inoculation 
(Wrather and Elrod, 1990). Injection into the cotyledon with C. truncatum caused 
abscission 10 days later, compared with 28 days in controls, and permitted isolation of 
the pathogen from the cotyledonary node but not from elsewhere. Injection of heat-killed 
conidia of C. lagenarium into the cotyledons rendered the epicotyls even more resistant. 
A distance of 2.5 cm separated the points of injection and inoculation. This report is the 
first indication of systemic induced resistance to a pathogen in soybean, albeit over the 
rather short distances checked and in young seedlings. 

Infestation of soybean cotyledons with small numbers of the two-spotted spider mite 
(Tetranychus urticae) caused apparent resistance of later developing leaves to the same 
mite (Brown et al., 1991). The effect was shown to be on the fecundity of the second­
added mites. The design of the experiment allowed the first mites to be retained on the 
cotyledons for 5 days before they were killed and then for the elapse of two weeks before 
female mites were introduced to the most recently expanded leaves. Fecundity of the 
second batch of mites was recorded after another two weeks. The sequence of events 
in this successful demonstration of systemic induced resistance to a pest in soybean was 
similar to that in the cotton experiments mentioned earlier and in contrast to that in the 
bean experiments discussed in the same section (English-Loeb and Karban, 1991). These 
results encourage further experimentation on systemic induced resistance in soybean. 

5.4 INDICATIONS OF PROTECTION AND INDUCED RESISTANCE IN PEA 

Application of chitosans to the endocarp of opened pea pods protected this tissue from 
infection by Fusarium solani f. sp. pisi (Kendra et al., 1989). The protection remained 
for at least 3 days and was associated with an induced formation of phenylalanine 
ammonia lyase. Treatment of pea plants with a 0.1 % solution of chitosan protected 
many of the plants from systemic infection by peanut stunt virus and alfalfa mosaic virus, 
in a manner suggesting action through activation of general defence mechanisms rather 
than affecting virus replication (Pospieszny et al., 1991). Chitosan application, 
wounding and infection with Fusarium solani each caused increases in chitinase and fi-
1,3-glucanase activities as apparent defence mechanisms in pea pods (Mauch et al., 
1988a). Chitinase and fi-1,3-glucanase extracted from infected pea pods and used in 
combination were shown to lyse hyphal tips of Ascochyta pisi and other fungi and thereby 
inhibit fungal growth (Mauch et al., 1988b). Some protection of pea against 
Pseudomonas syringae pv. pisi and against mUltiplication of bacterial cells in leaves and 
stems was achieved when heat-killed cells were introduced along with live bacteria as 
inocula (Akpa and Archer, 1991). 

Some evidence for a wound signal in pea plants was obtained by Davies and Schuster 
(1981) when they found rapid formation of polysomes (responsible for protein synthesis) 
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in stems and other tissues after wounding of the hypocotyl or epicotyl region. They 
concluded that a signal was transmitted to uninjured cells above and below the site of 
injury. 

5.5 INDUCED RESISTANCE IN BROAD BEAN 

Inoculation of the lowest two leaves of broad bean (Vicia Jaba) with urediospores of the 
rust fungus, Uromyces viciae-/abae, when plants also had two other fully developed 
leaves and two young developing leaves, caused these upper leaves to become resistant 
to challenge-inoculation with the same rust fungus 1, 3, 6 and 9 days later. The 
resistance was seen as diminished infected areas on the leaves and as fewer uredia per 
standard area for up to 29 days from challenge. The resistance was very high when 1 
day separated the two inoculations but had disappeared when 12 days separated the two 
(Murray and Walters, 1992). 

In further experiments with plants at the same stage and using the same isolate of the 
rust fungus, Walters and Murray (1992) found that treatment of the first two leaves with 
either 10 mM tripotassium phosphate or 5 mM EDT A in place of rust inoculation also 
caused significant increases in resistance of the upper leaves to challenge-inoculation with 
the rust fungus. The chemical treatments were effective 1 to 12 days before challenge­
inoculation and the induced resistance was seen for 21 days after challenge. 

The mechanism of chemical induction was suggested to be due to sequestration of 
calcium thereby affecting cell membranes and causing release of a signal for induction 
of systemic resistance. This suggestion received some support from additional 
experiments in which lower leaves were treated with 10 mM calcium nitrate 30 minutes 
after treatment with phosphate or EDT A. Systemic induced resistance did not occur 
under these conditions, whereas application of calcium nitrate alone had no effect. 

5.6 LIMITED KNOWLEDGE OF INDUCED RESISTANCE IN OTHER LEGUMES 

Research on the induction of resistance to pathogens as a result of earlier biological or 
chemical treatments has not been reported except for the experiments with red clover, 
soybean and pea described above. Understanding of the underlying mechanisms is much 
less advanced for these types of plants than it is for bean. Furthermore, experiments on 
systemic induced resistance to fungal and bacterial pathogens in legumes other than bean, 
and in one case in soybean, do not appear to have been reported. 

In contrast to studies on inducing resistance to later attempted infections, a great deal 
of work has been done on the expression of resistance at the first site of attempted 
infection in many legumes. This is summarized below where it indicates insights into 
mechanisms that are likely to be important particularly for systemic induced resistance. 
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6. Additional Insights to Possible Mechanisms for Induced Resistance 

A large amount of information has been obtained about metabolic pathways, key enzymes 
and activation of genes that are closely associated with the expression of resistance to 
pathogens in legumes. This has come from studies of resistant cultivars of plants 
inoculated with avirulent strains of pathogens and from work with a range of elicitors 
applied to these cultivars or to cells derived from them and cultured in liquid 
suspensions. 

6.1 METABOLISM INVOLVED IN AROMATIC SYNTHESES 

Knowledge of the biosynthetic pathway from shikimic acid to the pterocarpanoid 
phytoalexins and of the enzymes involved was reviewed by Ebel (1986). Advances in 
this knowledge continue. Metabolic steps and activation of enzymes and mRNAs in bean 
were subjects of papers by Edwards et al., (1990), Mavandad et al., (1990), Tepper et 
al., (1989), Ellis et al., (1989) and Blyden et al., (1991). Parallel type of work in 
soybean has been done by Biggs et al., (1990), Fischer et al., (1990a, b), Kochs and 
Grisebach (1989) and Welle and Grisebach (1989, 1991) with respect to enzymes and by 
Akada et al., (1990) and Wingender et al., (1989) with respect to genes and their 
activation. A series of papers on alfalfa concern metabolites (Kessman et al., 1990b), 
enzymes (Choudhary et al., 1990b; Edwards and Dixon, 1991; Kessman et al., 1990a; 
Paiva et al., 1991) and gene expression (Choudhary et al., 1990a; Dalkin et al., 1990; 
Harrison et al., 1991). Metabolic steps, enzymes and gene expression have also been 
studied in pea by Preisig et al., (1990), Sweigard et al., (1986), Sun et al., (1991) and 
Chiang and Hadwiger (1990). Metabolism, enzymes and induction of mRNAs in 
chickpea have been reported by Mackenbrock and Barz (1991), Daniel et al., (1990), 
Gunia et al., (1991) and Daniel and Barz (1990). 

In some cases, these studies deal with early steps in biosynthesis involving 
phenylalanine and cinnamic acid and are thus relevant also to lignin synthesis. A key 
enzyme involved in a later step in lignin synthesis has been studied as a defensive 
component of alfalfa by Gowri et al., (1991). 

Most of this recent work used elicitors applied to cells in suspension culture. 
Attempted infections of plant parts by the pathogens from which the elicitors were 
derived also caused similar rapid activations in resistant tissues (Bell et al., 1984; 
Bonboff et al., 1986; Ryder et al., 1984; Schmelzer et al., 1984). The localization of 
these rapid responses related to resistance in infected tissues is shown by the work of 
Hahn et al., (1985) using soybean and P. megasperma f. sp. glycinea. The results are 
all consistent with early, rapid and localized activation of key components of resistance 
when plant cells respond to elicitors and infection. 
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6.2 ELICITORS OF DEFENCE MECHANISMS 

Elicitors from pathogens grown in culture include glucans from P. megasperma f. sp. 
glycinea (Ayers et al., 1976) and carbohydrate-rich preparations from C. lindemuthianum 
(Tepper and Anderson, 1986). The elicitors are highly active and non-specific in their 
action, not only with respect to host cultivars but also to plant species, although some 
cultivar-selectivity has been reported for preparations from C. lindemuthianum (Tepper 
et al., 1989). 

Future research on elicitation of resistance in legumes will be aided by progress 
towards obtaining gene-specific elicitors from the bacterial pathogen of soybean, P. 
syringae pv. glycinea. This progress came from cloning avirulence genes of the 
bacterium, and particularly of the avrD gene from P. syringae pv. tomato which elicited 
resistance conferred by the Rpg4 gene in soybean (Keen and Buzzell, 1991). The avrD 
gene was expressed in both Escherichia coli and P. syringae pv. glycinea causing 
expression of resistance in soybean carrying the Rpg4 gene. The gene also caused E. 
coli to release an elicitor into culture media in vitro and the elicitor was shown to be 
active specifically on soybean carrying the Rpg4 gene (Keen et al., 1990). The 
uncharacterized elicitor of low molecular weight caused symptoms characteristic of 
resistance expression and also accumulation of the phytoalexin glyceollin. The elicitor, 
apparently specific for the complementary avirulence and resistance genes in pathogen 
and host, seems more certainly to be implicated in planta during pathogen-host 
interactions than the earlier known-non-specific elicitors. Its use will permit assessment 
of the involvement of components implicated as being involved in expression of local 
resistance in soybean. 

6.3 MODIFICATION OF PLANT METABOLISM 

Ways in which inoculations with pathogens or applications of chemicals can modify plant 
metabolism, indirectly or directly affecting resistance mechanisms, have been shown by 
several experiments with legumes. Application of such treatments to soybean caused 
rapid localized changes in abscisic acid (Cahill and Ward, 1989) and it was argued that 
these changes were likely to have diverse and extensive effects on more remote parts of 
the plant, causing changes in responses to subsequent attempted infections. Application 
of ethylene to soybean hypocotyls increased 6-1,3-endoglucanase activities (Yoshikawa 
et al., 1990), thus enhancing the potential to release glucans from walls of invading 
fungi. The glucans, acting as elicitors of phytoalexin synthesis, were argued to be the 
cause of enhanced glyceollin levels and greater resistance of hypocotyls during infection 
by P. megasperma f. sp. glycinea. 

Indoleacetic acid and 2,4-0 augmented the action of elicitors from C. lindemuthianum 
on phytoalexin synthesis in bean leaves (Hughes and Dickerson, 1990) and ethylene also 
enhanced this eliciting activity on chitinase and 6-1, 3-glucanase under some 
circumstances (Hughes and Dickerson, 1991). Glutathione caused a major induction of 
transcription of genes encoding for a variety of defence-related responses in suspension 
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cultures of cells of bean (Wingate et aI., 1988). Heat-killed and UV-killed cells of both 
virulent and avirulent strains of P. syringae pv. phaseolicola caused increased synthesis 
of chitinase in bean, whereas live cells of only the avirulent strain did this rapidly after 
inoculation (Voisey and Slusarenko, 1989). Several elicitors caused the expression of 
four chitinase genes in cells of peanut (Arachis hypogaea) in suspension culture but only 
cell wall components of P. megasperma f. sp. glycinea and not other elicitors activated 
one of the genes (Herget et al., 1990). The results indicated that this gene might be 
controlled by a pathogen-specific promoter. Application of chitosan-derivatives to seeds 
of several plants including the legumes, milk-vetch (Astragalus sinicus) and soybean, 
enhanced chitinase activities in the seeds and resulting seedlings as part of a possible 
defence mechanism against future fungal attack (Hirano et al., 1990). 

Although the role of proteinase inhibitors in systemic resistance to pathogens is 
unknown, it has been shown that pectic oligomers induce accumulation of proteinase 
inhibitors in alfalfa plants (Ryan et al., 1985). 

Retention of leaves or cotyledons rendered hypocotyls of bean less susceptible to 
lesion development by C. lindemuthianum than where these organs had been removed 
(Dunn et al., 1990). It was found that abscisic acid concentrations were much higher in 
the more resistant hypocotyls. It was also shown that application of abscisic acid to 
hypocotyls increased their resistance somewhat and that application of fluridone (an 
inhibitor of abscisic acid synthesis) decreased their resistance. The degree of resistance 
was considered to be related to abscisic-acid-induced changes in the physiology of the 
host tissues. 

6.4 WOUND RESPONSES 

Responses of legumes to mechanical wounding have also been reported. In peanut the 
phytoalexins resveratrol and arachidins III and IV accumulated in cotyledons in response 
to being cut aseptically into thin slices (1-2 mm) and incubated for 48 hand 25°C in the 
dark (Arora and Strange, 1991). Polyribosome formation (responsible for protein 
synthesis) increased in soybean hypocotyls after excision, and in pea tissue following 
excision, abrasion or puncture (Davies and Schuster, 1981). It was suggested that 
wounded cells generated a signal which can be rapidly transported both acropetally and 
basipetally. Although the signal was not identified, several possibilities were proposed 
such as ethylene or other hormones, protease-inhibitor inducing factor and an action 
(variation) potential transmitted via membranes. For reviews on signals being transmitted 
in plants as action potentials, see Pickard (1973) and Chessin and Zipf (1990). 

7. Remaining Biological Questions and Problems 

Past research has shown that resistance can be induced systemically in bean by biological 
and chemical means. It is clearly effective in seedling plants under controlled 
environmental conditions. Further work is needed to confirm its effectiveness against 
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a range of foliar pathogens and to assess its action against root-infecting and vascular 
pathogens. The duration of protection conferred by a single induction or repeated 
inductions needs to be determined. In doing so, induction caused by biological and 
chemical treatments should be compared. A biological treatment is likely to involve 
interaction between a pathogen or an attenuated pathogen and the host tissue, and, 
therefore, to act over a period of time and to initiate transmission of signals over this 
period. A chemical treatment could be the application of an artificial signal, such as 2,6-
dichloroisonicotinic acid, that might have a transient effect in the plant, or it could be the 
application of activating molecules, paralleling the component of culture filtrates of 
pathogens, that might have protracted effects setting-off endogenous signals over a 
period. 

The durability of systemic induced resistance in bean needs to be tested under the 
environmental stresses that might be experienced under natural conditions. The ultimate 
tests of effectiveness will come in many field trials that take account of seasonal 
variations, a wide incidence of pest and pathogen attacks and natural stresses. The 
optimum stage of growth of plants for application of inducing agents needs to be worked 
out in relation to the objective of producing high-yielding bean plants and pods. 

Localized induced resistance can be achieved in soybean but there is a clear need for 
more experiments to test for systemic induced resistance in soybean. There is a similar 
need for experiments on induction of systemic resistance in pea, on which rather little 
has been done about localized induced resistance. There is a need also for experiments 
on inducing resistance to pathogens in the remaining legumes, on which nothing appears 
to have been done on localized or systemic induced resistance. All of the types of tests 
specified for bean would be needed to follow up successful demonstrations in these other 
legumes. 

Because of the absence of relevant data, it is impossible to state that resistance can 
be induced systemically in all or most legumes. In the light of experience with bean 
reported in this Chapter and with other plant families reported in other Chapters, it 
would be surprising if systemic induced resistance can not be revealed as a phenomenon 
widely in the family. If well-conducted experiments show that the phenomenon does not 
occur, a major contribution would have been made to plant science. It would counter 
the reasonable hypothesis that systemic induced resistance is a universal process in the 
plant kingdom and one that can be used to advantage in plant production and protection. 

8. Outstanding Questions on Mechanisms and Their Manipulation 

Research on underlying mechanisms of induced resistance in plants is not advanced 
greatly as yet by work on the legumes. Interpretation of a number of incidental 
experiments and observations is consistent with the following hypothesis. 

(1) Attempted infection or injection of certain macromolecular products of 
fungi that leads to localized change in plant cells causes these cells to 
release signals to other parts of the plant. 
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(2) Movement of endogenous signals or of an artificial signal, such as 2,6-
dichloroisonicotinic acid, changes metabolism in more distant parts of the 
plant. 

(3) These signals cause the synthesis of defensive agents, such as chitinases 
and glucanases, to ward-off attempted infections. 

(4) These signals may also predispose cells to react to attempted infection 
more rapidly than would normally be the case. The reaction involves 
general defence mechanisms of plants including pathogenesis-related 
proteins, aromatic biosyntheses leading to phytoalexins and lignin and 
formation of structural barriers, such as cell-wall features including 
papillae. 

(5) The signals thereby systemically activate the general defence mechanisms 
of plants that are normally activated locally when the well-known 
recognitional genes (the single genes for resistance) are triggered by 
avirulent strains of pathogens (through products of the complementary 
resistance and avirulence genes). 

Future work will test this hypothesis. This work will be aided by the substantial 
amount of research that has been done on legumes, particularly on bean and soybean, on 
the local responses of cells to elicitors and to attempted infection by avirulent strains of 
pathogens and also by recent research on the ways in which avirulence genes and their 
products elicit defence mechanisms. 

It is essential to carry out research on underlying mechanisms of systemic induced 
resistance in parallel with attempts to use this resistance in new procedures in crop 
protection. The information and understanding gained from the basic research will be 
needed to provide public confidence and to permit registration of novel methods of 
protection based on inducing systemic resistance. 
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1. Introduction 

Current concern about the environment indicates a need to limit application of 
chemicals for plant disease control. A broad and often over use of pesticides is 
ecologically harmful, toxic to many vertebrates, and may lead to a development of 
pesticide resistance in pathogens. To produce pesticide-free produce and improve the 
environment, one needs to utilize alternative, pollution-free methods for disease control. 
One of the most encouraging techniques for plant protection is the method of induced 
resistance. This method is based not on direct pathogen suppression as it occurs in the 
application of pesticides, but on stimulating natural defense mechanisms in plant tissues. 

From my viewpoint, there is one more reason for using induced resistance. When 
plants are placed under stress, their defense responses may be suppressed. A broad 
application of classical chemical pesticides to protect plants and maintain yield in crops 
cannot replace the natural defenses of plants. Furthermore, in some cases chemical 
pesticides may suppress plant immunity when the adaptation threshold is exceeded. 

There are certain situations when the plant immunity system itself requires 
protection. We are conscious about our immune system, but we do not focus proper 
attention on the fact that the immune system in plants may suffer under conditions of 
ecological stress that influence our own immune system (at least, in some ecologically 
unfavorable regions in the world). Therefore, a development of various methods for 
immunocorrection is presently of vital importance for controlling and enhancing the 
immune response in plants. 

Induced resistance is frequently referred to as immunization, sensitization, 
vaccination, acquired immunity and sometimes cross-protection. The terminology is not 
yet firmly established in this relatively new branch of phytoimmunology. In principle, 
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all these terms denote the same phenomenon that is an artificial activation of defense 
mechanisms in plants in the course of their ontogenesis. 

Several ways exist for inducing resistance in plants, including the plants of the 
Solanaceae. Among them are: 

~ inoculation with pathogens 
~ inoculation with avirulent races or nonpathogenic strains 
~ inoculation with inactivated pathogens 
~ inoculation with nonpathogens 
~ treatment with microbial metabolites, i.e. biogenic elicitors 
~ treatment with chemicals (abiotic elicitors), which are signals of induced resistance 

or release such signals 
Two types of induced resistance are known: local and systemic. Local induced 

resistance develops within a limited area of plant tissue, i.e. at the site of induction. 
Systemic induced resistance develop in the plant tissues away from the site of induction. 

The present chapter contains an analysis of induced resistance in plants of the 
Solanaceae family which have been extensively studied. Attention will be primarily on 
the induced resistance in potato and tobacco. Tomato will also be discussed, but this crop 
has not received as much study. Due to the author's special interest in potato as a major 
target of her studies, the section of this chapter concerned with this plant will be 
somewhat larger than the others. 

2. Induced Resistance in Solanum tuberosum 

2.1 LOCAL AND SYSTEMIC RESISTANCE INDUCED WITH INCOMPATIBLE 
PATHOGENS 

Local resistance in potato tubers was discovered by Muller and Borger (1940). 
These investigators hypothesized the existence of phytoalexins based on their studies 
(Muller and Borger, 1940). A suspension of spores of an incompatible race of 
Phytophthora injestans was applied to the surface of potato tuber section in the form of 
a cross. One day later, the entire surface of the section was inoculated with a compatible 
race of the same parasite. After several days, fungal mycelium appeared on the surface 
of the section except the for sites previously infected with the incompatible race (where 
a hypersensitive reaction (HR) had developed). This lack of disease appeared as a black 
cross of necrotic tissues against the white background of mycelium. Development of 
compatible races of P. injestans as well as the tuber rot pathogen Fusarium caeruleum 
and certain saprophytes was also inhibited in tissues previously inoculated with an 
incompatible race of P. injestans. Defense response was localized in necrotic tissue and 
neighboring cells and did not spread over the entire tuber surface. Thus, a limited 
infection with an incompatible race of P. infestans induced local resistance against further 
infection by a compatible race. 
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The systemic induction of resistance in potato plants is illustrated by the work of 
Stromberg and Brishammar (1991). Several lower leaves of potato were infected with 
spores of P. infestans (race 1.3.4.7.8) or with P. cryptogea, a nonpathogen of potato 
isolated from wheat. Localized infection of the lower leaves induced systemic resistance 
in upper leaves that resulted in 30-70 % protection against disease caused by P. infestans. 
The nonpathogen of potato, P. cryptogea, induced a higher degree of resistance than did 
P. infestans. The initially infected lower leaves produced a systemic signal or signals 
which induced resistance in the upper leaves. 

2.2 INDUCTION OF RESISTANCE IN POTATO WITH BIOGENIC ELICITORS 

Local and systemic induced resistance can not only be induced in potato by limited 
infection with pathogens or nonpathogens, but also by treating plant tissues with chemical 
elicitors produced by microorganisms. The use of fungal elicitors and other metabolites 
is the topic of this section 

In the mid-1970's, studies of induction of resistance in potato with biogenic elicitors 
isolated from phytopathogens were initiated in the Laboratory of Induced Resistance 
(A.N .Bakh Institute of Biochemistry, Russian Academy of Sciences, Moscow) (Metlitskii 
and Ozeretskovskaya, 1973, 1985; Metlitskii et al., 1978, 1985; Berezin, 1984; 
Ozeretskovskaya et al., 1986: Metlitskii, 1987; Il'inskaya et al., 1991). 
2.2.1 Elicitors of P. infestans. Two types of elicitors were isolated from P. infestans 
mycelium. One of them was identified as a high-molecular weight 6-1.3-6-1. 6-glucan 
from pathogen cell walls (Chalova et al., 1976). The other one was a lipoglycoprotein 
complex (the LGP-complex), which contained lipid (57-59%), carbohydrate (34-38%), 
protein (5-7%) and phosphorus (Chalova et al., 1977). The ability of the LGP-complex 
to induce rishitin in potato tubers (cv. Temp [Rtl) appeared to be 3-5 times higher than 
the corresponding activity of glucans from cell walls. These two types of elicitors also 
differed in the relative proportion of rishitin and lubimin that accumulated after 
treatment. Specifically, the LGP-complex induced 10 times more rishitin than lubimin 
while the glucan elicitors induced only slightly more rishitin than lubimin. 

Both elicitors exhibit non-specific inducing activity. Although P. infestans races 
differ with respect to cultivar specificity, these differences could not be accounted for by 
differences in the elicitors produced by each race. The elicitors induce rishitin without 
any correlation to combinations of virulence genes in the race from which the elicitor is 
extracted and R-genes in the potato varieties tested. Induction of a high level of rishitin 
can even be achieved in potato varieties susceptible to all races of P. infestans (i.e., 
potato varieties without R-genes). This provides further evidence that all potato varieties 
have inducible resistance mechanisms. 

Further studies demonstrated that lipids are an active component of the 
LGP-complex, and protein and carbohydrate components do not determine elicitor 
activity (Chalova et aI., 1988). Although one can hypothesize that protein and 
carbohydrate components may be solubilizing agents for lipid components of the 
complex, a role for these polymers has not been established. 
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Both neutral and polar lipids from the LGP-complex have the capability to induce 
rishitin. The fact that this is observed for both types of lipids allowed us to suggest that 
some common component (probably, fatty acids) was responsible for this function. 
Saponification of common lipid extract confirmed that the fatty acid fraction was the 
active elicitor for production of rishitin, whereas the non-saponifiable fraction had 
practically no activity. 

Examination of fatty acids in the LGP-complex and in polar and neutral lipids 
extracted from the LGP-complex revealed a high level of unsaturated fatty acids. After 
separation of the fatty acids into saturated, unsaturated and polyunsaturated fatty acid 
classes, it was found that the fraction containing polyenic acids had the ability to induce 
rishitin. This fraction contained linoleic, linolenic, eicosatrienoic, arachidonic (AA) and 
eicosapentaenoic (EPA) acids. Among them only AA and EPA appeared active in 
elicitation of rishitin (Ozeretskovskaya et al., 1987). This confirmed earlier work of 
Bostock et al. (1981, 1982). 

Study of the biological activity of AA and EPA revealed that the amounts of these 
fatty acids needed to elicit rishitin in potato tuber tissue was far less than the amount of 
LPG needed to elicit the same response. This could be expected, because the a more 
highly purified and homogenous elicitor would be expected to have a higher specific 
eliciting activity. Based on our results and the earlier reports by Bostock et al. (1981, 
1982), it can be inferred that AA and EPA are the active components of the 
LGP-complex extracted from P. infestans mycelium (Ozeretskovskaya et al., 1987; 
Chalova et al., 1988). Both polyenic acids were also found to be absent in potato 
tissues (Ozeretskovsaya et al., 1987; Chalova et al., 1988). 

2.2.2 Local and systemic resistance caused by elicitors. The term "biogenic elicitors" 
usually denotes metabolites produced by microorganisms or plants, which induce 
production of phytoalexins in plant tissues. However, it is well-known that plant 
resistance is based on a combination of defense responses of which phytoalexin 
accumulation is only one component (Metlitskii and Ozeretskovskaya, 1985). For this 
reason, the ability of a particular compound to induce phytoalexin accumulation in plants 
does not definitely confirm that this compound can protect plant tissues against diseases 
by inducing resistance. 

We studied the ability of several concentrations the LGP-complex to induce local 
resistance in potato tuber tissue (cv. Temp [Rl]) against P. infestans (Ozeretskovskaya 
and Chalova, 1989). The experiments were carried out using tuber disks, and the elicitor 
preparations were applied to the upper surface of the disks at various concentrations. 
After a specific period of time, the elicitor-treated surface was inoculated with a 
suspension of zoospores of a compatible race of P. infestans. The results of infection 
were evaluated microscopically. 

We were able to conclude from these experiments that there are two concentration 
ranges of elicitor that suppressed disease development (Figure 1). The higher 
concentration of elicitor (100 p,g LGP ml-I ) was effective in inducing resistance only if 
the challenge inoculation occurred at 48 or more hours after elicitor treatment. At this 
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time, elicitor-induced necrosis has developed on the surface of the disk and fungitoxic 
levels of phytoalexins had accumulated in the tuber tissue. Based on this result, it is 
probable that the phytoalexins are at least partly responsible for the resistance to the 
pathogen. If tissues were inoculated shortly after elicitor application and phytoalexins 
were not yet formed, the development of the pathogen in infected disks did not differ 
from control ones or was even slightly stimulated (Ozeretskovskaya and Chalova, 1989). 
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Figure 1. The ability of LGP-complexes of various concentration to induce necrosis (1), 
rishitin (2), and suppress the development of P. infestans race 1 (3) in potato tuber 
tissue discs from the variety Temp (RI ). 

The second concentration range where resistance can be obtained by means of 
elicitors corresponds to low concentrations (5-10 p.g LGP ml- l ), at which phytoalexins 
are not induced (Figure 1). Despite the lack of necrosis and phytoalexin accumulation, 
the treated tissues are still protected against P. infestans. 

The effect of the elicitors on the induction of resistance was then examined with 
respect to its durability and systemic nature in the tubers. In these experiments, the 
LGP-complex at 5 and 100 p.g ml-I was applied to the upper surface of cylinders cut from 
potato tubers (Ozeretskovskaya et al., 1986; Il'inskaya, 1991). The cylinders were 
incubated under high relative humidity and then were cut into disks. These disks were 
infected with a suspension of zoospores of a compatible race of P. infestans. The results 
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of infection were evaluated microscopically by taking into account the position of each 
disk with respect to cylinder end treated with elicitor (Figure 2). 

It was found that treating the upper surface of the cylinder with the LGP-complex 
at 100 p.g ml- I resulted in a delayed development of the fungus only within the tissue that 
had been in contact with the elicitor. In this layer, necrotic cells were fonned and 
phytoalexins, which suppress development of fungus, accumulated. There was no 
induction of resistance in the tissues at a distance from the site of treatment with elicitor. 
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Figure 2. The penetration of P. infestans race 1 hyphae (as % of control indicated in 
each disc) in potato (cv. Temp) tuber tissue cylinders whose upper surface was treated 
with LPG-complex. At 4 or 10 days after treatment with the LPG-complexes, the 
cylinders were cut into discs, and the upper surface of each disc was inoculated with P. 
infestans to assess the degree of systemic protection. 

Furthennore, by 10 days after infection, the necrotic tissues of the upper layer of the 
cylinder also lost resistance. The experiments showed that the decrease of phytoalexins 
in these tissues, possibly because of transfonnation into non-toxic compounds, 
corresponded with the loss of induced resistance. 

A very different result was observed in studying protection caused by the elicitor at 
low concentrations that do not elicit necrosis or phytoalexin accumulation. Application 
of the LGP-complex at the concentration of 5 p.g mt l to the upper cylinder surface 
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resulted in enhanced resistance against P. infestans in all tissues of a cylinder. This 
induced state of resistance was retained for up to ten days after treatment with elicitor. 

However, the potato induced resistance model using cylinders of tuber tissue 
described above does not allow us to define the duration of resistance in tuber tissues. 
Longer term studies, however, can be accomplished by using "intact tubers" as the 
model tissue system (Ozeretskovskaya and Chalova, 1989). In these experiments, the 
surface of intact potato tubers was treated with the LGP-complex (10 jlg mtl). After a 
specific incubation period, cylinders were cut from LPG-treated and control tubers. The 
cylinders were cut into disks, taking into account the positions of each disks with respect 
to tuber surface. Each of the disks was then infected with zoospores of a compatible P. 
infestans race. By detecting development of the pathogen into tissues in the disk to 
which elicitor was not directly applied, one can evaluate the systemic effect of protection 
(Figure 3). 

It was found that two days after treatment with elicitor, the surface tuber tissues 
acquired resistance to P. infestans. After that time, tissue deeper in the tuber 
subsequently became resistant. Within a week after elicitor treatment all tuber tissues 
became uniformly protected against P. infestans (Figure 3). 
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Figure 3. Resistance induction in various parts of whole potato tubers (cv. Temp) after 
treatment with 10 jlg/ml LPG-complex. Penetration of P. infestans race 1,3 hyphae into 
tissue discs prepared from surface tissues (external to the phloem) (1), tissue internal to 
phloem (2) and pith (3). Sporulation of pathogen in pith tissue (4). 
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Knowing the distance between the layer of tissue being examined for resistance and 
the surface of the tuber and the time interval needed for these tissues to acquire 
resistance, the rate of transmission of the systemic immune signal (or the effect of the 
signal) can be estimated. We have calculated that this signal (or effect) moves through 
the tissue at 0.2-0.25 mm (i.e. ,2-3 cells) per hour (unpublished results). 

Resistance of whole tubers treated with elicitor was retained for at least 3 months. 
After this time, resistance declined. Initially, resistance in internal tuber layers 
disappeared, but protection of surface tissues still remained. The protection period 
against disease in tubers can be lengthened by treatment with additional elicitor at the 
time resistance decreases. 

The protective action of the LGP-complex dramatically effects the sporulation of P. 
injestans, and this appears to be directly related to the establishment of infection hyphae 
in the tuber tissue. Specifically, if penetration of hyphae into tuber cells was suppressed 
by approximately 50%, the process of sporulation was inhibited almost completely 
(Figure 3). Inhibition of sporulation continues into the period when the inhibition of 
fungal growth is no longer evident. Suppression of P. infestans sporulation is very 
significant, because it suggests that induced plants can prevent the spread of infections 
in the field and in storage. 

Thus, depending on the concentration of biogenic elicitor applied, two types of 
resistance, local and systemic, can be induced. The first type of protection (local 
induced resistance) based on a formation of necrosis and phytoalexins is local and 
short-term. In this case, protection is caused by phytoalexins that temporarily accumulate 
in necrotic cells. Most of all, this type of protection resembles a suppression of parasite 
by means of fungicidal activity. The difference is that these fungicides are not 
exogenously applied but are endogenously formed compounds. Phytoalexins soon 
disappear from tuber tissue by being metabolized by plant tissue. As a result, tuber 
cells which utilize their resources for formation of phytoalexins not only lose their 
resistance to pathogen but may become even more susceptible. This is because 
phytoalexins can only suppress a disease when they are synthesized at fungitoxic 
concentration at an appropriate time and place in response to pathogen invasion 
(Metlitskii, 1987). The prior formation of phytoalexins by elicitors temporarily protects 
plants against disease, but this may ultimately weaken plant tissues. 

The second type of resistance (systemic induced resistance) can be implemented by 
treating plant tissues with elicitors at low concentration. This resistance does not cause 
necrosis of plant tissues and phytoalexins do not accumulate at the site of elicitor 
treatment. This type of protection is associated with an increase in resistance of living 
plant tissues and has systemic and long-term character. With further investigation of 
induced resistance in mind, this type of protection seems the more important. 

We established that both types of tuber protection can also be obtained at various 
concentrations of AA and EPA (Chalova et aI., 1989), and a biogenic elicitor extracted 
from the nonpathogen of potato Fusarium culmorum Sacco (Yurganova et aI., 1989). 
However, for brevity of presentation, we have only presented the work on the 
LGP-complex. 
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Thus, the elicitors at low concentrations provide systemic protection in the potato 
tuber. Subsequent experiments demonstrated that whole plants could be systemically 
protected not only against P. infestans but a number of other fungal and bacterial diseases 
after treatment of tubers with elicitor (Metlitskii et al., 1978, 1985; also see Section. 
2.4). In these experiments, the lower plant leaves were treated with fatty acids at 
different concentrations. Within five days, protection against P. infestans reached a 
maximum level in the upper untreated leaves. AA and EPA were found to be the most 
effective inducers of resistance (providing 94-97% protection). Linoleic, linolenic, and 
oleic acids provided 82 %, 39 %, and 42 % protection, respectively. The fact systemic 
protection could be induced by AA, EPA, and three other fatty acids (i.e., linoleic, 
linolenic, and oleic acids) was later confirmed by Cohen and colleagues (Cohen et al., 
1991). 

Systemic induced resistance against P. infestans in potato can be also be induced by 
treating the lower leaves with hyphal wall components of P. infestans in combination 
with carborundum (Doke et aI., 1987). Penetration by P. infestans into cells from 
leaves exhibiting induced resistance was accompanied by the expression of hypersensitive 
cell death. The pathogen was unable to develop out of these necrotic host cells. 

2.2.3 Race specific suppressor from P. infestans. Are there mechanisms by which a 
pathogen can block or suppress the expression of genes responsible for resistance or 
induced resistance? During the purification of the LGP-complex, it was observed that 
an unpurified alcohol extract from the mycelium of a race (race 1.3) compatible with the 
potato variety under study (cv. Temp [RID elicited less phytoalexin accumulation than 
the corresponding extract obtained from the mycelium of an incompatible fungus race 
(race 3.4). It appeared that compounds preventing induction were in the extracts of the 
compatible race. The compound inhibiting elicitation was isolated and identified as a 
fraction containing B-1, 3 and B-1, 6 glucans with a molecular weight of about 3 kDa 
(Chalova et al., 1980; Ozeretskovskaya et aI., 1982, 1983). This glucan was equivalent 
to the race specific suppressor from P. infestans searched for from the beginning of the 
70's in the A.N.Bakh Institute of Biochemistry (Metlitskii et aI., 1979; Leont'eva et 
aI., 1979) and simultaneously by Garas, Doke, and Kuc (Garas et al., 1979; Doke et 
aI., 1979, 1980). 

Race specificity of the suppressor was found with various "potato variety - P. 
infestans race" combinations. Suppression by glucans was only observed if the fungal 
race from which the suppressor was isolated was compatible with the potato variety 
tested. In this case, treatment with glucans enhanced disease in disks of potato tubers 
inoculated with P. infestans. This effect was not detected for glucans from incompatible 
races, which, in some cases, even reduced development of the fungus. 

Race specificity of glucan-suppressors was supported by data indicating that the 
glucans isolated from two pathogenic races with different virulence genes differed with 
respect to the number and location of B-1 ,6-linked glucose residues in the glucan. These 
glucans differed also by the number and distribution of fragments in the chain from 
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which di-, tri- and tetra-saccharides were formed by the action of an B-exo-1,3-glucanase 
(Vasyukova et al., 1987). 

The immunosuppressors specifically attenuate not only varietal resistance to P. 
infestans in potato but also its general immunity. For example, even pathogens for which 
potato is not a host start to develop in tuber tissues treated with glucans from fungal 
races compatible with the varieties being tested (Leont'eva et al., 1989). It is likely that 
the glucans of compatible P. infestans races, which inhibit potato immunity, thereby 
enhance development of secondary pathogens which frequently accompanying P. 
infestans development. 

Glucan-suppressors from fungal races compatible with given potato varieties also 
suppress wound repair in tubers (Medvedeva et al., 1985). Treatment with suppressors 
apparently disturbs the ability of tuber parenchymal cells to recognize wound signals and 
to begin meristematic activity. However, a suppression of wound repair is temporal, and 
after 2-3 days the cells on the wound surface start dividing and form peridermal 
complexes. It is possible that because of suppressor, tuber cells temporarily lose their 
capability to recognize non-self, including potato pathogens and non-pathogen elicitors. 

Thus, glucan-suppressors do not irreversibly suppress, but merely temporarily delay 
the immune response in potato. This delay ensures a spread of compatible P. infestans 
race outside of the cell regions, wherein defense response occurs with a time lag. It is 
likely that this is similar to the ability of biotrophic parasites to delay the immune 
response of plant cells without killing them. 

It was found that the glucans isolated from compatible fungal races also suppress 
resistance induced by the LGP-complex in potato tubers and promoted the development 
of infection. (Figure 4a.) Glucans from incompatible races did not have such properties 
(Ozeretskovskaya et aI., 1982). 

These results would suggest that inducing potato resistance to P. infestans in the field 
by using biogenic elicitors might not be successful. Under field conditions the spores of 
P. infestans races compatible with a given potato variety might produce 
glucan-suppressors which block elicitor action. However, although the suppressors 
suppress the induction of induced resistance in potato, they do not affect the resistance 
already elicited (Figure 4b). An induction of resistance may be linked with 
rearrangement of cell ultrastructure that requires a certain time interval, around 72-96 
hours (Platonova et al., 1982). Pre-treating with suppressor prevents this ultrastructural 
rearrangement. However, once the cellular changes occur, the glucans cannot reverse 
these changes. 

2.2.4 Inducing propenies of AA, EPA and the products of their oxidation. The role of 
AA and EPA in inducing resistance in potato and an extensive body of literature on this 
subject necessitates the inclusion of a special section in the present chapter devoted to 
these fatty acids. 

Bostock et al. (1981, 1982) reported that AA and EPA, localized in P. infestans 
mycelium, were extremely active elicitors of sesquiterpene phytoalexins in potato tuber 
tissue. Other fatty acids had low or no elicitor activity. For example, the fatty acid 20:3 
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had low activity, whereas 20:2 and 20: 1 were completely inactive. Other fatty acids 
were also found to be inactive such as 14:0, 16:0, 18:0, 20:0, 22:0, 16: 1, 18: 1, 18:2, 
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Figure 4. (A) Anti-elicitor effects of P. infestans glucan suppressors in potato (cv. 
Temp) tuber tissue treated simultaneously with LPG-complex and glucans. (B). Absence 
of suppressor effect when tubers were treated with glucans within one week after 
treatment with the LPG-complex. Glucans isolated from compatible race 1.3 (1) and 
incompatible race 3.4. LPG-complex was applied at 10 j.tg/ml and glucans at 300 ug/ml. 

18:3 (Preisig and Kuc, 1985). Furthermore, AA and EPA exhibit some host specificity 
in that they only elicit accumulation of phytoalexins in potato and pepper (Bloch et al., 
1984). What was surprising was the inability of AA to induce rishitin in tomato since 
rishitin is probably formed in tomato by the same pathway as in potato. 

The inducing action of AA and EPA becomes more pronounced on addition of 6-1 ,3-
6-1,6-glucans of P. infestans (Maniara et al., 1984). AA applied at a concentration of 
0.1 j.tg per ml does not induce rishitin in potato. However, addition of appropriate 
glucans to this low level of AA does result in rishitin accumulation. The fatty acids 20:2 
and 20: 1, which do not elicit rishitin in potato by themselves, elicit in the presence of 
the glucans (Preisig and Kuc , 1985). 
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AA is quickly metabolized by potato tissues. Immediately after adding AA to tuber 
tissue, its concentration falls by 2-3 %. Within one day its concentration is halved (Preisig 
and Kut, 1988). AA was incorporated in different classes of lipids in potato, such as 
triglycerides, diglycerides, phospholipids etc. The fungal lipid, 
phosphoglycerolceramidaminoethylphosphonate, is especially AA-rich (Bostock et al., 
1985). 

The capacity of exogenously applied AA and EPA to induce disease resistance in 
potato (Bostock et al., 1986) and give rise to systemic effects (Chalova et al., 1989; 
Cohen et al., 1991) does not establish the role of these acids in the potato-P. injestans 
induced resistance system. Involvement of AA in inducing resistance in potato was 
recently supported by the elegant experiments done by Ricker and Bostock (1992). 
Potato leaves were infected with P. injestans sporangia containing radioactive AA. It 
was seen from microradiographs that label from AA was localized in the cytoplasm, cell 
walls and lipid bodies of the sporangia. After infection, AA was liberated from 
sporangia and detected in few neighboring potato cells adjacent to those infected by the 
fungus. The distribution of AA released from the sporangia was the same as that 
observed upon exogenous application of AA to potato, i.e. AA was incorporated in the 
fractions of neutral and polar lipids. 

The mechanism of AA liberation from fungal sporangia is unknown. It is possible 
that activation of a of phospholipase and other acid hydrolases in potato tissue or P. 
injestans may be responsible for release of this fatty acid. Regardless of how 
arachidonic acid is released, it is likely that AA liberated from the pathogen successively 
elicits cells surrounding the infection hyphae. This possibility was demonstrated by 
Ricker and Bostock (1992) who were able to differentiate the compatible and 
incompatible host-parasite interaction based on movement of arachidonic acid in potato 
tissue. In the case of an incompatible interaction, AA is found in the potato cells 
surrounding the pathogen within 9 hour after infection, whereas in the case of compatible 
interaction it is found within 12 hours. The authors assume that AA or its metabolites 
are quickly liberated from spores, and in the incompatible case, are capable of 
restricting pathogen development at early stages of infection. Our experiments showed 
that even a concentration of AA of 0.003-0.03 f-tg ml- i of AA elicits systemic induced 
resistance in potato tuber (Chalova et al., 1989), and these concentrations may be similar 
to or greater than that released by P. infestans during infection. 

It is known that AA and EPA are the precursors of a series of biologically active 
compounds. In animal tissues, oxidation of AA by cycloxygenase results in the 
formation of prostaglandins (PGs) and thromboxanes. A series of hydroxyderivatives of 
AA and EPA, the leukotrienes, are formed by means of lipoxygenase. 

In general, the division Oomycota, to which P. infestans belongs, is extremely rich 
in eicosanoids that have the potential for biological activity. Utilizing several 
independent methods for analysis, the PGs of the groups F and A + B + E were found in 
P. injestans mycelium and the LGP-complex (Ozeretskovskaya et al., 1988). 
Identification of specific PGs was plagued by their low content in the fungus. 
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PG fractions isolated from the LGP-complexes are capable of inducing systemic 
induced resistance against P. injestans in potato tubers. The tests showed that certain 
synthesized PGs and hydroxy derivatives of AA and EPA have analogous properties 
(Avdiushko et al., 1987a, 1987b). These compounds were able to induce resistance at 
concentrations as low as 10-10 M. Thus, PGs and hydroxyderivatives of AA and EPA 
are able to induce systemic resistance in potato against disease (Ozeretskovskaya et al., 
1988). 

2.3 BIOCHEMICAL MECHANISMS OF LOCAL AND SYSTEMIC INDUCED 
RESISTANCE IN POTATO 

In 1941 Muller and Borger laid a biochemical foundation for local induced resistance 
(Muller, Borger, 1941). Most commonly, local induced resistance is associated with HR 
in potato tuber tissue, and it is known that phytoalexins, which inhibit development of 
fungi, accumulate in the necrotic potato tissues that result from the hypersensitive 
response. Since phytoalexins turnover rather quickly and disappear from the 
hypersensitive response-reacting tissue, local induced resistance is generally short-term 
in potato tuber tissue. 

Local induced resistance against P. injestans in potato may also be related to a 
reduction in host sterols. P. injestans is a sterol auxotroph, and it obtains sterols from 
the tuber tissue during pathogenesis. A lack of sterols decreases pathogenic properties 
of P. injestans and the process of its reproduction, particularly the formation of 
zoospores. Exogenous application of sterols can restore these processes (Metlitskii et al., 
1976; Vasyukova et al., 1977). The concentration of sterols declines in necrotic potato 
tissues after infection with an incompatible race of P. injestans or after treatment with 
AA or high concentration of the LGP-complex. It is likely that the lack of sterols and 
corresponding accumulation of phytoalexins, to which sterol-free fungus becomes highly 
susceptible, make up a series of defense responses, ensuring local induced resistance 
against P. injestans in potato (Metlitskii et al., 1980). 

The mechanisms for systemic induced resistance are different than those for local 
induced resistance. Systemically protected tissues have no visible necrosis and are not 
dissimilar macroscopically from control tissues. Systemic induced resistance appears 
to be based on a rapid and intense plant response to subsequent infection, which results 
from rapid expression of defense genes. Specifically, the rate and intensity of 
necrotization of potato cells and production of phytoalexins in response to infection with 
P. injestans are found to be essentially higher in potato tubers systemically induced by 
biogenic elicitors as compared with controls (Ozeretskovskaya et al., 1986)). 

The concentration of sterols was almost halved in potato tubers systemically 
immunized by AA, and this condition lasted for the entire period of immunization (3 
months). After the end of immunization, the concentration of sterols gradually rose and 
eventually reached the levels observed in control tubers (Kaneva et al., 1991). It seems 
possible that an increased rate and intensity of phytoalexin production in response to 
challenge together with reduced concentration of sterols in immunized tuber tissues 
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determine a systemic induced resistance against P. infestans in tubers immunized by 
AA. 

A significant rearrangement of ultrastructure takes place in the cells of potato tubers 
induced by the LOP-complex at low concentration. The number of leucoplasts having 
differentiated stroma, the volume of smooth endoplasmic reticulum, and the number of 
mitochondria increase (Platonova et al., 1982). It is possible that the parenchymal tuber 
cells, which previously stored starch, acquired enhanced respiratory and synthetic 
capacities. This metabolic change could provide an explanation for enhanced reactivity 
in immunized tubers. 

It is worth noting that in addition to induction of resistance against disease in potato 
tissues, systemic immunization by biogenic elicitors enhances the capability of tuber 
tissue to form periderm at wounded sites. The promotion of wound repair in potato 
tubers is of crucial importance during crop harvest and storage. The activity of 
peroxidase, polyphenoloxidase, and lipoxygenase and the content of phenolic compounds 
increase in potato tubers immunized by biogenic elicitors. However, among all 
characteristics mentioned, only the activity of peroxidase and lipoxygenase has correlated 
with the spread of systemic induced signal (or effect of the signal) in tuber tissues 
(Chalova et al., 1985; Yurganova et al., 1989). Bostock and colleagues also detected 
a local activation of peroxidase, accumulation of lignin, evolution of ethylene, and ethane 
in potato tubers treated with AA (Bostock et al., 1986). 

Chai and Doke found that O2- was systemically induced in potato plants and 
superoxide dismutase and peroxidase were activated in response to treatment of the three 
lower leaves with hyphal wall components of P. infestans (Chai and Doke, 1987). The 
authors suggested that these changes could be related to the mechanisms of systemic 
induced resistance. Enhanced expression of the genes which code for hydroxyproline­
rich glycoproteins in response to stress is also greater in potato tubers induced by elicitor 
than in controls (Gorbacheva et al., 1990). 

The process of transmission of a signal from elicitor-treated tissue into a potato cell 
is also poorly investigated. In this context, it is reasonable to consider the possible 
mechanism of induction of immune responses by AA. 

It is known that AA is absent in potato tissues. In the course of induction of the 
phytoimmune response, AA is incorporated into phospholipids (such as 
phosphatidylinosidiphosphate) and substitutes for linoleic and linolenic acids (Bostock et 
al. , 1985; Preisig and Kuc, 1988). As a result of different stresses, a quick 
decomposition of phosphatidylinosidiphosphate contained in the lipids of cell membranes 
takes place. As a result, a secondary messenger (diacylglycerol), which contains AA and 
is not a normal constituent of potato, is produced. It is possible that changes in 
diacylglycerol composition may alter its regulating capacity. 

It is also possible that hydroxyderivatives of AA and EPA, which are formed due to 
the action of lipoxygenase and induce systemic immune response, may also participate 
in intracellular induction of protective genes (Avdiushko et al., 1987b). This was 
demonstrated by treating potato tubers with lipoxygenase inhibitors which suppressed a 
systemic immunization of plant tissue (Avdiushko et al., 1987b). 
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Unfortunately, the ideas presented above remain speCUlative. However, there are 
some indications that intracellular messengers are involved in intracellular regulation in 
potato cells in response to treatment with elicitors. It was found that a short-term 
increase in the concentration of cAMP occurred within 30 minutes after treating the disks 
of potato tubers with AA and the LGP-complex (at the concentration of 10-8 M or 
0.0005%, respectively) (Ocheretina et al., 1991). By contrast, treating disks with the 
elicitors at high concentrations, which cause necrosis, reduced the content of cAMP. 

Zook and Kuc (1987) showed that Ca2+ enhanced the production of rishitin, but had 
no influence on formation of lubimin in potato tuber tissues treated with AA. By acting 
as a secondary messenger, Ca2 + may control the mobilization of substrates for 
phytoalexin synthesis and/or activate the enzymes for their synthesis. 

However, in terms of the signal of systemic induced resistance in potato, this 
problem remains unsolved. It is possible that molecular signals are transmitted in the 
vascular system in plants. We recently demonstrated that endogenous oligosaccharides, 
liberated from the cell walls of potato tuber, are capable of inducing systemic induced 
resistance against P. infestans in tubers (unpublished results). It is likely that ethylene 
and methyl jasmonate can be viewed as systemic signals, which are transmitted by air 
and induce protective systems in plants (Farmer and Ryan, 1990), and this possibility was 
recently demonstrated in potato by Cohen et al. (1993). Nevertheless, the nature of the 
signals which induce long-term systemic induced resistance in potato are still unknown. 

2.4 POSSIBILITIES FOR PRACTICAL IMPLEMENTATION OF THE METHOD OF 
POTATO RESISTANCE INDUCTION WITH ELICITORS 

Laboratory tests of any resistance-inducing compound do not provide all the data 
required for practical use of this compound in agriculture. For this reason, the use of 
LPG for the induction of resistance in potato has been tested under field condition for 14 
years (from 1977 up to 1990). 

The LGP-complex, preparations containing arachidonic acid, and the elicitor isolated 
from a non-toxicogenic F. culmorum strain were assessed in the field using a range of 
concentrations determined by laboratory experiments. The levels of elicitor used were 
very low. Depending on the specific type of elicitor, these values ranged from milligram 
to gram quantities per hectare when used as treatments on seed tubers. Each elicitor was 
tested in several various geographical regions and each test was conducted with several 
different potato cultivars. Standard commercial pesticides were used as controls. 

We considered the effects of natural and artificial plant infection with a series of 
fungal and bacterial pathogens on foliar symptoms and storage of tubers. We also 
examined crop quality and total harvest. By means of elicitors, we induced resistance 
in foliage and tubers against P. infestans, Macrosporium solani, Alternaria solani, 
Rhizoctonia solani, Streptomyces scabies, Pectobacterium phytophthorum (Metlitskii et 
al., 1978). Treatment of potato tubers with elicitors before sowing, resulted in greater 
resistance of the tubers of the new crop to storage diseases (Ivanyuk et al., 1985). One 
of the possible reasons for this enhanced resistance is the enhanced ability of the tubers 
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from the induced plants to repair wounds. This, in tum, prevents parasite penetration 
into plant tissues. 

Apical dominance in potato tubers is suppressed by elicitor treatment, and this 
results in an increase in the numbers of stolons and, therefore, the number of tubers per 
plant. Crop gain provided by treatment with elicitor varies from 10-40%, depending on 
variety, the level of infection, climatic factors, and the number of treatments. The tubers 
from the elicited plants do not have enhanced levels of phytoalexins and have the same 
steroid alkaloid content as the controls. It is very important that the LGP-complexes and 
preparations, incorporating their active component suppress P. infestans sporulation. By 
this means, planting immunized potato tubers would impede the spread of infection, 
preventing the beginning of epiphytotics. 

By means of elicitors, potato plants and tubers can be protected against a series of 
pathogenic fungi and bacteria. Some data concerning induction of resistance against 
viruses in treated plants have also been obtained (unpublished results). Such 
comprehensive plant protection seems evident, because the principle of plant resistance 
induction involves a general increase of non-specific resistance. Proper application of 
biogenic elicitors of plant resistance, is as effective for disease control as is treatment of 
plants with some pesticides, 

3. Induced Resistance in Nicotiana spp 

Tobacco is frequently used for studying the phenomenon of induced resistance. The 
early work of Ross and co-workers followed by that of Kuc and colleagues made a major 
contribution to this field. Much of the molecular biology of induced resistance has been 
done with tobacco and the reader is referred to the chapter by Stermer for further details. 
This section describes work on the systemic induction of resistance in tobacco. 

3.1 RESISTANCE INDUCTION 

3.1.1 Resistance induction by TMV. In 1961, Ross established that local infection of N 
gene tobacco with TMV resulted in local induced resistance to subsequent challenge 
inoculation with TMV. (Ross, 1961a). In later work, inoculation of one leaf with TMV 
resulted in resistance being expressed in other non-inoculated leaves of the same plant 
(Ross, 1961b). 

Local and systemic TMV-induced resistance was found to be effective against many 
parasites, such as fungi, viruses, and bacteria. As an example, N-gene tobacco infected 
with TMV acquired systemic induced resistance to TNV (Ross, 1966), Phytophthora 
parasitica (Mcintyre, Dodds, 1979), and Pseudomonas tabaci (Mcintyre et al., 1981). 
Other pathogens, which induced local necrosis in tobacco, induced resistance to TNV 
(among them are TMV [Ross, 1961a,b], Chalara elegans [Hecht and Bateman, 1964], 
Pseudomonas syringae [Ahl et al., 1981]). This indicates that TMV induces resistance 
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in tobacco against various parasites and that one can induce resistance in tobacco not only 
by TMV, but also by other pathogens that cause local necrosis. 

Kuc and Tuzun (1990) also induced systemic immunization of tobacco by inoculation 
of several lower leaves with TMV. Leaf inoculation of tobacco with TMV as well as 
stem-injection with P. tabacina induced systemic induced resistance and provided further 
evidence that tobacco immunization with fungus as well as virus induces multi-defensive 
mechanisms against fungi and virus. However, this does not imply that the defense 
mechanisms induced are the same. 

3.1.2 Resistance induction by P. tabacina. Blue mold causes a serious economic loss 
in tobacco crops. The induced resistance phenomenon in tobacco inoculated with P. 
tabacina was originally observed by Pont under field conditions (Pont, 1959). Later, this 
phenomenon was described by other authors (Cruickshank and Mandryk, 1960). Induced 
resistance in tobacco was frequently accompanied by stunted tobacco growth and other 
abnormal effects. Consequently, this fact led to development of a special immunization 
technique (Tuzun and Kuc, 1985a). The technique involved the injection of tobacco stem 
with sporangiospore suspension of P. tabacina (when the plants are ca. 20cm tall). Such 
immunization of tobacco provided 90-99% protection and stimulated plant growth. The 
protection lasted for the entire vegetative period, and the crop yield was increased as 
much as 25 % . Immunized plants were as well protected as those treated with the 
systemic fungicide metalaxyl. 

The movement of a factor responsible for immunization in tobacco was reported by 
Tuzun and Kuc (1985b). They demonstrated that the plants girdled above the site of 
stem injection remained non-immunized, while girdling below the site of injection had 
no impact on immunization above. Immunization has been accomplished via grafts from 
immunized rootstock to nonimmunized scion and vice-versa. A full-size immunized plant 
developed from immunized buds grafted on non-immunized rootstocks. 

In 1987 Kuc and Tuzun presented evidence that induced resistance persisted in plants 
derived via tissue culture from tobacco leaves and midribs injected with P. tabacina (Kuc 
and Tuzun, 1987). Regenerants developed via tissue culture were systemically protected 
against diseases both in field and greenhouse experiments. However plants developed 
from the seeds of regenerants as well as immunized plants were not systemically induced. 
Thus, the induced resistance state is not heritable, but remains highly stable in vegetative 
tobacco tissues. This phenomenon is of specific practical interest because it demonstrates 
the possibility of growing plants with systemic induced resistance. At the same time it 
is worth noting that Lucas (Lucas et al., 1985) failed in some experiments in transferring 
induced resistance to P. tabacina from protected tobacco explants. 

3.2 MECHANISMS OF INDUCED RESISTANCE 

3.2.1 Mechanisms of induced resistance against P. tabacina. Induction of systemic 
induced resistance after stem inoculation with P. tabacina was followed by an increase 
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in the concentration of PR-proteins with the molecular mass in the range of 14,500-
65,000 (Tuzun et al., 1989; Stermer, this volume). Two proteins were exclusively 
indicative of immunized plants. One of them was found before and after challenge, 
whereas the second appeared only 6 days after challenge, i.e. when the development of 
infection was limited. 

A close association was reported between induced resistance to P. tabacina in 
tobacco and increased activities of chitinases and glucanases, which relate to PR-proteins 
of the II and III group of tobacco (Kuc, Tuzun, 1990). Increased activity of the enzymes 
is systemic. fi-Glucanases and chitinases are capable of hydrolyzing pathogen cell walls 
with a release of oligosaccharide molecules, having elicitor properties. Since fi-glucans 
are contained in cell walls of all Oomycetes (including P. tabacina) , an activation of 
fi-glucanases in immunized tissues may be of special importance in protecting plants 
against blue mold. At the same time, it is unlikely that chitinases can affect P. tabacina, 
whose cell walls contain no chitin. It appears that systemic activation of chitinases help 
protect immunized tobacco plants against fungi containing chitin. It is important to note 
that, similar to most PR-proteins, certain induced chitinases and fi-glucanases are 
localized in intercellular space in plant tissues. This allows contact of these enzymes with 
penetrating hyphae of pathogenic fungi (Parent and Asselin, 1984; Ye et al., 1989). 

Induction of systemic induced resistance to blue mold by TMV is associated with a 
series of systemic changes in cell walls of immunized tobacco plants, such as activation 
of two anionic peroxidases localized in intercellular spaces, accumulation of 
hydroxyproline-rich glycoproteins, and accumulation of four salt-soluble proteins in cell 
walls, which are not related to hydroxyproline-rich glycoproteins or PR-proteins (Ye et 
al., 1990a; Ye et al., 1991). It is known that in addition to oxidation of phenols, 
peroxidase polymerizes lignin precursors, and also participates in cross-linking of 
cellulose, pectin, lignin, and extensin in plant cell walls. It is not inconceivable that 
systemic activation of peroxidase in immunized tobacco tissues is connected with 
modification of its cell walls that promote the localization of infection. 

One could assume that inducing resistance to blue mold in tobacco is linked with 
activation of phytoalexin formation. However, experiments showed that in response to 
challenge with P. tabacina, the tobacco tissues immunized with this pathogen 
accumulated phytoalexins at the same rate and concentration as control plants (Stolle et 
al., 1988). It is the conclusion of the authors that phytoalexin accumulation is not the 
initial agent for inhibiting P. tabacina development in immunized tobacco tissues. 

It has been demonstrated that systemic protection against blue mold is followed by 
an increase in the concentration of soluble carbohydrates, mainly, of glucose and in 
smaller extent of fructose (Salt et al., 1988). Accumulation of monosaccharides was not 
associated with starch hydrolysis and it is unlikely to be responsible for induced 
resistance in tobacco. 

Induction of systemic induced resistance due to stem injection with P. tabacina 
presumes the existence of some molecular signals having a capacity for translocation and 
systemic sensitization of plant tissue. It is possible that fi-ionone and its derivatives, 
either synthesized or formed in the course of degradation of carotenoids, play the role 
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of a systemic signal (Salt et ai., 1986). It is known that B-ionone is related to the family 
of substances, some of which have growth-control properties (abscisic acid in plants, 
trisporic acid in fungi). Salt and colleagues reported that the amount of B-ionone was 
increased by 50-600 times in immunized tobacco tissues. 

B-Ionone and, specifically, its esters with fatty acids exhibit extremely high 
fungitoxity against P. tabacina (Leppik et ai., 1972). Injecting tobacco stem with 
exogenous B-ionone resulted in growth and protective phenomena being close to that 
found in immunized plants (Salt et at., 1986). Thus, B-ionone may be involved in the 
expression of induced resistance to P. tabacina. 

However, B-ionone cannot be translocated in plant tissues. Therefore, it is doubtful 
that this substance is responsible for inducing a systemic immune response. Probably, 
such phenomenon is due to B-ionone derivatives or some endogenous signals formed by 
its action. The short-chain branched and straight-chain fatty acid esters of 
3-hydroxy-B-ionone, which demonstrated a high fungitoxity, were found in immunized 
tobacco tissues. Kuc and Tuzun suggest that some of them, having odd number of atoms 
in the fatty acid chain, may regulate the systemic induced resistance in tobacco (Kuc and 
Tuzun, 1990). 

3.2.2 Mechanism of induced resistance against TMV. The induced resistance 
mechanisms against virus in tobacco differ from those characteristic against P. tabacina. 
Immunizing a variety of tobacco systemically susceptible to TMV with the blue mold 
fungus protected plants against P. tabacina, but not TMV. When TMV-induced plants 
are held at increased temperature after challenge, at which N gene becomes ineffective, 
only induced resistance to blue mold but not to TMV is observed (Ye et at., 1990b) even 
in the presence of elevated levels of peroxidase and PR-proteins 1-5. This is not 
unexpected, because induced resistance mechanisms against viruses and fungi are 
definitely different. 

White and Antoniw (1991) suggest that induced resistance to viruses in tobacco is 
based on two principal mechanisms, the inhibition of virus replication and formation of 
PR-proteins. The inhibitor of virus replication (IVR) shown to be a 23 kDa protein has 
been detected in the intercellular fluid in the leaves of tobacco cv Samsun NN previously 
systemically immunized with TMV (Spiegal et at., 1989). Purified IVR protected 
different plants against various viruses, thereby it cannot be viewed as virus- or 
host-specific (Gera and Loebenstein, 1983). The biological activity of IVR and its 
correlation with local induced resistance and systemic induced resistance in tobacco 
presume that it may be involved in these processes. 

The second mechanism of induced resistance against virus infection incorporates 
production of PR-proteins (see chapter by Stermer). The majority of data obtained 
support the conclusion that PR-proteins are associated with induction of local induced 
resistance as well as systemic induced resistance to viruses in tobacco. It is established 
that PR-proteins are accumulated most intensively near the sites of local virus infection, 
i.e. precisely in those tissues, where resistance is induced (Antoniw and White, 1986). 
The content of the same PR-proteins found in infected leaves increases in systemically 
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induced tobacco leaves (White and Antoniw, 1991). In the varieties having temperature 
sensitive N gene, PR-proteins are produced at 20oe, when infection is local, but they do 
not appear at 32°e, when systemic spread of infection is in progress (White et al., 
1983). 

The relation between PR-proteins and resistance to viruses has been confirmed by 
studying the interspecific hybrid N. glutinosa x N. debnevi, which contains PR-proteins 
and is highly resistant to TMV (Ahl and Gianinazzi, 1982). 

However, some doubts are cast upon the involvement of the PR-proteins in induced 
resistance to viruses in tobacco (Fraser, 1982). Specifically, PR-protein is accumulated 
in large quantities in healthy tobacco plants during flowering that bears no connection 
with virus infection (Fraser, 1981). 

It is worth noting that a correlation between the presence of a substance and 
resistance can not considered as evidence for its role in resistance. One can help clarify 
the role of PR-proteins in induced resistance to viruses by studying transgenic plants 
which constitutively express these proteins. It should be add that preliminary 
investigations in this field do not provide an answer to this question (Harpster et al., 
1989). 

Local virus leaf infection with TMV leads to systemic activation of B-glucanase and 
chitinase. However, this may explain the resistance of immunized tobacco tissue to fungi 
and bacteria rather than viruses (Ye et al., 1990b; Pan et al., 1991). Although the 
relation between activation of B-glucanase and chitinase and induced resistance to blue 
mold in tobacco is apparent, Ye and colleagues consider the role of these enzymes and 
PR protein in general in inducing resistance to TMV to be highly unlikely (Ye et al., 
1990b). 

There are indications for a systemic increase in the activity of peroxidase (Ye et al. , 
1990a), phenylalanine ammonia-lyase and of the process of lignification (McMaster and 
Huang, 1984) in systemically protected with TMV tobacco plants. 

White reported that acetylsalicylic acid (aspirin) induced resistance to TMV in 
tobacco (White, 1979). Later salicylic acid (SA) was found in TMV-inoculated tobacco 
varieties, having the N gene. The concentration of SA in necrotic tissues and near the 
sites of infection is 50 times larger than in control plants. In noninfected immunized 
leaves the concentration of SA increases 10 fold (Malamy et al., 1990). An increase in 
the concentration of SA exclusively took place in the resistant tobacco variety with N 
gene, whereas this quantity remained constant upon infecting susceptible variety (nn). 
Increased temperature (32°C), which suppresses the activity of the N gene, also inhibits 
an increase in the concentration of SA (Yalpani et al., 1991; Malamy et al., 1992). 
Further investigations by these authors suggested that SA can be transported in the 
phloem and accumulate in virus-free leaves. 

It is of interest to point out that in parallel with inducing systemic induced resistance, 
SA also causes a systemic expression of nine classes of mRNA, which code PR-proteins 
(Ward et al., 1991). The same genes are expressed in response to TMV -inoculation of 
tobacco. The authors believe that induction of these gene families can be viewed as a 
molecular marker for recognizing systemic induced resistance. A strong correlation was 
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found between induced resistance and the enhanced systemic expression of PR-1 protein 
(Yalpani et al., 1991; Malamy et al., 1992). 

Mobility of SA in combination with its inducing activity suggests that SA can serve 
as a translocated signal in resistance induction (Malamy et al., 1990; Metraux et al., 
1990; Ward et al., 1991; Yalpani et al., 1991; Enyedi et al., 1992). It is also well 
known that SA can conjugate with saccharides in plants (Enyedi et al., 1992; Malamy 
et al., 1992). Such conjugates in the form of O-B-D-glucosyl-SA were reported to be 
present in the inoculated tobacco leaves (Enyedi et al., 1992). Glucosyl-SA was found 
inside and outside of the site of infection, but not in phloem and immunized virus-free 
leaves (Enyedi et al., 1991). Thus, it is unlikely that SA is delivered to phloem in the 
form of glucoconjugates. However, the balance between free salicylic acid and the 
glucoside may be important in the regulation of induced resistance (Hennig et al., 1993). 

Gaffney et al (1993) provided evidence of the need of salicylate for the expression 
of induced resistance in tobacco. They blocked the accumulation of salicylate by 
expression of the salicylate hydroxylase gene (nahG) from Pseudomonas putida in 
transgenic tobacco. They observed that the plants containing nahG were no longer able 
to express induced systemic resistance to TMV and that the size of the TMV lesions was 
larger in the transgenic as compared to the non-transformed controls. 

SA is produced from trans-cinnamic acid which is produced by the action of 
phenylalanine ammonia-lyase (PAL) on phenylalanine. Based on a recent paper, cinnamic 
acid is converted to benzoic acid, and the benzoic acid is then 2-hydroxylated to form 
salicylic acid (Leon et aI, 1993; Yalpani et al., 1993). Understanding the biosynthesis 
SA in immunized tissues of tobacco will give us a better understanding of the role of SA 
in induced resistance and may provide insight into the role phenol metabolism in inducing 
plant resistance against viruses and other pathogens. 

Finally, it is not inconceivable that the increased concentration of SA associated with 
induced resistance may result from the action of some preliminary molecular signal, 
which precedes SA in transduction of systemic induced resistance. It is unclear whether 
SA is capable of activating not only PR-proteins, but other defense mechanisms in 
tobacco, such as phytoalexins, proteinase inhibitors, thickening and lignification of cell 
walls. The observation that a salicylate binding protein from tobacco (Chen et al., 1993) 
is a catalase that is inhibited by SA suggests that SA may act by increasing the levels of 
active oxygen species that may trigger defense responses (Chen et al., 1994). Further 
studies should offer an explanation for the relation between SA and induced resistance 
not only in tobacco and cucumber (Metraux et al. 1990), but in other plants that exhibit 
induced resistance to disease. 

4. Induced Resistance in Lycopersicon 

Induced resistance to diseases in tomato has not been thoroughly investigated. However, 
there is evidence that induced resistance also occurs in this plant. 
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Inoculating the lower leaves of tomato with P. injestans increased the resistance to 
this pathogen (Heller and Gessler, 1986). The resistance was characterized by smaller 
and fewer necrotic lesions, reduced sporulation, and penetration into the epidermis was 
delayed or inhibited. When the fungus did not penetrate into epidermal cells, a 
papilla-like structure was formed. Penetration by hyphae was never followed by 
sporulation. 

Use of cytologic methods demonstrated that growth of P. injestans on the surface 
of induced leaves was inhibited (Kovats et aI, 1991). It is possible that this was due to 
the presence of fungitoxic compounds on the surface of induced plants. These 
compounds may influence the formation of cysts from zoospores or attachment of its 
spores to leaf surface. In the plants exhibiting induced resistance, the host mesophyll 
cells reacted to infection with a very strong hypersensitive response. 

The development of the disease caused by Fusarium oxysporumf. sp. lycopersisi was 
noticeably limited in tomato plants inoculated with the mycorrhiza-producing fungus 
Glomus mosseae (Dehne and SchOnbeck, 1975). Chlorosis was less pronounced on the 
leaves of mycorrhizal plants. Additionally, the rate of ion leakage from the stem and leaf 
cells of induced plants was less than observed in controls after challenge inoculation with 
F.oxysporum. This report also noted that phenol metabolism had changed and this was 
reflected in enhanced deposition of lignin in the cell walls of the induced host . 

Local induced resistance to bacterial blight caused by Corynebacterium michiganese 
pv. michiganese was obtained in tomato (Sule, 1988). The defense response was induced 
by pre inoculating plants with various strains of Pseudomonas syringae pv. phaseolicola. 
Only living cells of Pseudomonas induced resistance, and cells killed by heat or 
ultrasound treatment did not induce resistance. Multiplication of C. michiganense was 
restricted and infection was localized in induced tissues. Since the tissues as close as 5 
mm from the site of induction were not protected against challenge, this resistance was 
not systemic. 

Immersing tomato seedlings in a spore suspension from nonpathogenic strains of 
Verticillium dahliae or of the tomato nonpathogen F. oxysporum f. sp. cucumerinum also 
suppressed the development of wilt disease caused by F. oxysporum f.sp. lycoperscici or 
V. albo-altrum. Inducing activity was found to be associated with a macromolecular 
fraction of culture filtrates of pathogens (Amemiya 1985; 1986). 

Field tests of tomato seed pre-treated with a biogenic elicitor (e.g., the LGP-complex 
and the preparations involving its active component) enhanced resistance of tomato plants 
to P. injestans, Alternaria solani, Septoria lycopersici, Xanthomonas vesicatoria 
(IvanYuk et al., 1990). It was also established that plants from tomato seeds treated as 
above had induced resistance to the nematode Meloidogyne incognita, which is a serious 
greenhouse disease in Russia. The number of galls was considerably reduced on the 
roots of immunized plants, and the capability of female nematodes to produce eggs was 
also dramatically suppressed. The reduction in egg production makes soil sterilization 
in greenhouses much easier before successive planting (Zinovieva, 1989). 

Nematodes as well as Oomycetes require an exogenous supply of sterols. Thus, it 
is possible that induced resistance to nematodes in tomato due to treated seed is based on 
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the same principle as induced resistance to P. infestans in potato, i.e. an inhibition of 
formation of the sterols necessary for pathogen growth along with simultaneous 
production of rishitin (Zinovieva, 1989; Zinovieva et al., 1989). 

5. Conclusions 

Induced resistance in potato, tobacco, and tomato follows the same general patterns as 
that observed in other plant species. Induced resistance has been established for the three 
species of plants. Although we have learned a great deal about the induction and 
expression of induced resistance in these plants, new problems are posed today. I believe 
that the most crucial problem is the elucidation of the nature of the systemic signal or 
signals that are involved in resistance induction. It is also important to understand how 
the induction of the signal is regulated, by what mechanism the signal is synthesized or 
released, and how the plant stops the synthesis and export of the signal(s). Of all plant 
species examined in this family, tobacco is the best studied, with much less known about 
induced resistance in tomato and potato. 

One can anticipate that identification of the nature of systemic molecular signals 
should allows us to develop new techniques for disease control in Solanaceae plants. 
Such techniques can be based on inducing resistance in plants by either molecular signals 
or the substances (methods) triggering these signals. It is possible that this approach will 
provide the resistance both to diseases and environmental stresses in Solanaceae plants. 

Induced resistance most closely resembles horizontal or polygenic resistance. While 
it is not considered to be genetic resistance, induced resistance is a change in the 
resistance phenotype. By the action of an inducing agent, the degree of expression of 
existing genes is changed, while the plant genome is held constant. 

Similar to polygenic resistance, induced resistance imparts a relative or partial 
protection in plants. This is more likely to be an advantage rather than a drawback. In 
fact, when inducing resistance to disease in plants, one frequently seeks to obtain not an 
absolute but rather a more stable relative protection. The high stability of multigenic 
resistance is associated with expression of many defense genes, and it is unlikely that any 
one pathogen could adapt to all of these defenses. Induced resistance also uses multiple 
mechanisms, and this suggests that this type of resistance should be stable. 

However, a drawback for polygenic resistance is equally inherent to induced 
resistance. A noticeable reduction of protective action in some Solanaceous crops under 
conditions of high infection pressure has been observed. We have repeatedly observed 
that induced resistance against P. infestans in potato has been less efficient during 
epiphytotics. 

The method of resistance induction in Solanaceae plants is unlikely to totally replace 
pesticide application or use of major genes for resistance, but it is highly effective as a 
complementary method of control and appears to lack many of the negative "side effects" 
of pesticide or major gene use. The aim of scientists and agricultural experts lies in a 
reasonable combination of the old and new techniques for plant disease control that will 
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ensure necessary conditions for an activation of potential defense systems in plants. 
Thus, induced resistance provides one additional technique to be used in combination 
with other control measures. 
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1. Introduction 

Induced or acquired resistance to disease has been intensively studied in three families 
of dicotyledonous plants. In the previous two chapters, the research with Legumes and 
Solanaceous plants was reviewed. In this chapter, the third dicot family, the 
Cucurbitaceae, will be examined. 

Similar to studies of other dicotyledonous plants, induced resistance to disease in 
cucurbits can be either local or systemic in nature. In addition, many of the same 
features associated with induced resistance in Legumes or members of the Solanaceae are 
seen in cucurbit induced resistance: Requirement for necrotic lesion development to 
trigger the induced state; non-specificity of the induced resistance to fungi, bacteria and 
viruses; and systemic induction of defense-related proteins and the potential to express 
active defense upon challenge. 

In this chapter, evidence for the existence of induced resistance will be examined in 
Cucumis sativus, Cucumis melo, and Citrullus lunatus. In addition, the nature of the 
resistance response and its regulation will be discussed, and avenues for future research 
suggested. 

2. Biological Evidence for Induced Resistance in Cucurbits 

2.1 CUCUMBER (CUCUMIS SATIVUS) 

In the mid-1970's, Kuc and co-workers presented the first of a long series of papers on 
induced resistance in cucumber Kuc 1983, 1987). Hammerschmidt et al. (1976) 
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reported that inoculation of entire seedlings of scab (Cladosporium cucumerinum) 
susceptible plants with the bean anthracnose fungus Colletotrichum lindemuthianum 
resulted in resistance to a subsequent challenge inoculation with C. cucumerinum. In this 
same study, it was also reported that prior inoculation of entire scab resistant/anthracnose 
susceptible seedling with C. cucumerinum resulted in resistance to the anthracnose 
fungus, Colletotrichum lagenarium. These results showed that local resistance to disease 
could be induced in cucumber. Of more significance, however, was the 1975 report of 
Kuc et al. that described systemic resistance in cucumber. In this "classic" paper, the 
authors demonstrated that prior inoculation of one leaf of a cucumber plant with C. 
lagenarium resulted, within one week, in the systemic protection of the entire plant 
against subsequent challenge by C. lagenarium. This resistance was characterized by a 
decrease in the size and the numbers of lesions that developed. What was of great 
interest was not only the systemic nature of the resistance, but also that a compatible, 
necrotic lesion response could induce the resistance. This was clearly different from 
what had been reported in the bean-C. lindemuthianum system (see chapter by Deverall 
and Dann). 

In a subsequent study, Kuc and Richmond (1977) described a number of parameters 
that were involved in the expression of systemic resistance of cucumber that was induced 
by and against C. lagenarium. They reported that systemic resistance could be elicited 
by inoculation of either a true leaf or one or both cotyledons. The induced resistance 
state was found to last at least 6 weeks after the initial inducing inoculation, and they 
also found that induced resistance was present in leaves that had not expanded at the time 
of the inducing inoculation. The final level of systemic induced resistance was found to 
be dependent upon the concentration of inoculum used to induce and number of lesions 
that developed on the leaf used to induce resistance. Inoculum concentrations as low as 
103 conidia per ml resulted in a significant increase in resistance. By varying the number 
of inoculation droplets containing conidia of C. lagenarium, the [mal level of systemic 
resistance could also be manipulated. Only one anthracnose lesion on the first leaf of a 
plant was sufficient to induce resistance in the second true leaf. Increasing the number 
of lesions on the first true leaf resulted in increasing the resistance of the plant to 
subsequent challenge by C. lagenarium on the second true leaf of the plants. All 
cultivars of cucumber tested were found to be inducible, and systemic increases in 
resistance could also be induced in cultivars that were genetically resistant to 
anthracnose. 

Dean and Kuc (1986) showed that induced resistance could not be totally overcome 
even at high concentrations of challenge inoculum. In these experiments, plants were 
induced on one leaf with C. lagenarium and then challenged with droplets of inoculum 
on the second leaf. The concentration of challenge inoculum varied from 103 to 107 

conidia per ml. Clear differences in the number and size of lesions were evident up to 
106 conidia per ml. At 107 conidia per mI, all plants had similar numbers of lesions 
(based on counting both chlorotic and necrotic lesions). However, the induced plants 
had significantly fewer necrotic lesions and the total area of necrotic tissue per leaf was 
reduced. 
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Over the next several years, Kuc's group expanded our knowledge of the biological 
base for induced resistance in cucumber. Through these studies they demonstrated that 
a number of pathogens were capable of inducing resistance, and that resistance was non­
specific and effective against a broad range of pathogens. 

Building on the observations of Hammerschmidt et al. (1976), Staub and Kuc (1980) 
reported that C. lagenarium infection of one leaf would systemically protect scab 
susceptible plants against subsequent infection by C. cucumerinum. In this study, both 
anthracnose resistant and susceptible cultivars were used, suggesting that the development 
of a spreading necrotic lesion was not a prerequisite for induction of resistance. In 
addition, Staub and Kuc also demonstrated that C. cucumerinum infection of the ftrst true 
leaf would protect the second leaf against infection by C. lagenarium. Induced resistance 
to C. cucumerinum was also found in plants that were pre-treated with a brief heat shock 
(Stermer and Hammerschmidt, 1988). 

Jenns and Kuc (1977) were the first to demonstrate that prior inoculation of cucumber 
with tobacco necrosis virus (TNV) , a pathogen that causes local necrotic lesions on 
cucumber, would induce systemic resistance to TNV and to C. lagenarium. Similar to 
studies of induced resistance by and against C. lagenarium, the TNV induced resistance 
was also characterized by smaller and fewer lesions. This study was significant as it 
showed that a fungal pathogen could induce systemic resistance to a virus and vice 
versa. However, the need for the development of a necrotic lesion prior to the elicitation 
of resistance was again demonstrated as non-necrosis inducing viruses such as tobacco 
mosaic virus did not induce systemic resistance. 

Coutts and Wagih (1983) confirmed the results of Jenns and Kuc (1978). They found 
that prior infection of cotyledons with TNV resulted in increased resistance to TNV in 
adjacent cotyledons as well as in the ftrst leaf. The resistance was characterized by a 
decrease in both the number and size of TNV lesions. 

The ability of one pathogen type to induce resistance against another was further 
demonstrated by Caruso and Kuc (1979). They found that C. lagenarium would also 
induce systemic resistance against the bacterium Pseudomonas syringae pv. lachrymans 
(PsI) and that PsI was an effective inducer of resistance. The resistance induced by PsI 
against PsI and C. lagenarium was also found to be effective in all cultivars of cucumber 
tested. Varying the concentration of PsI cells used to induce resistance also had an effect 
on the ftnallevel of resistance. Low concentrations of PsI induced the lowest degree of 
systemic resistance while increasing the concentration resulted in higher level of 
resistance. PsI appeared to be an effective inducer because, like other effective inducers 
of resistance, this pathogen resulted in the development of necrotic lesions. Doss and 
Hevesi (1981) and Smith et al. (1991) subsequently confirmed that induced resistance 
could be elicited against and by Pseudomonads. In a later study, Jenns et al. (1979b) 
demonstrated the ability of TNV, PsI and C. lagenarium to act as inducers and challenge 
agents. As could be predicted by previous work, all three pathogens induced resistance 
and all three could be protected against. In addition, induced resistance against C. 
cucumerinum was also conftrmed. 
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Bergstrom (1981) also demonstrated that cucumber plants could be protected against 
another fungal pathogen, Mycopsphaerella meZonis, the cause of gummy stem blight. 
Resistance was observed in both foliage and in stem tissue of plants previous inoculated 
with C. Zagenarium. 

Prior inoculation with resistance-inducing pathogens has also been reported to induce 
resistance to cucumber mosaic virus (Bergstrom et aZ., 1982). This disease is different 
from the other diseases as the symptoms of cucumber mosaic infection are not necrotic 
in nature. C. Zagenarium, PsI or TNV infection of the first two leaves of cucumber 
plants induced resistance against CMV that was inoculated onto the plants by mechanical 
rubbing. The induced resistance was seen as a reduction in the number of chlorotic 
primary CMV lesions on the challenged leaf and a delay in the appearance of systemic 
mosaic symptoms throughout the plant. Bergstrom et aZ. (1982) also used CMV 
infested melon aphids to challenge inoculate induced and control plants. Although they 
did not observe any differences in primary symptom development on the aphid-infested 
leaves, the systemic spread of CMV (based on symptom expression) was greatly delayed 
in the induced plants. 

Induced resistance to vascular wilts has also been reported. Bergstrom (1981) 
demonstrated that induction of resistance with C. Zagenarium or TNV would protect the 
plants against wilt caused by Erwinia tracheiophila. The induced resistance was 
characterized by a delay in the development of wilt symptoms. 

Gessler and Kuc (1982) provided more evidence for induced resistance to vascular 
wilts by inducing resistance to the root pathogen Fusarium oxysporum f.sp. cucumerina 
by inoculation of one leaf with C. Zagenarium. This work not only demonstrated that 
roots could be induced, but the work also provided more evidence that the resistance 
inducing signal(s) moved to tissues below the inducing leaf as well as above. However, 
local induced resistance against/o. cucumerina has also been demonstrated in cucumber 
by prior infection with F.o. niveum (a pathogen of watermelon) (Michail et aZ. 1989). 
The resistance reported in this latter study may include some systemic effects as plants 
that were preinoculated with resistance-inducing Fusaria exhibited resistance to 
anthracnose 

Induced resistance has also been reported to be effective against obligate fungal 
pathogens. Infection of one leaf with TNV resulted in the systemic expression of 
resistance to the powdery mildew Sphaerotheca fuliginea (Bashan and Cohen, 1982; 
Conti et aZ., 1990). The level of resistance was dependent upon the number of TNV 
lesions that developed on the leaf used for induction. The resistance was characterized 
by a significant reduction of powdery mildew colonies and a reduction in conidia 
produced. Induced resistance to the downy mildew fungus-like protist Pseudopenonospora 
cubense has also been reported to occur (Okuno et aZ., 1991) and to not occur (Bashan 
and Cohen, 1982). 

In summary, the induced resistance response in cucumber is a very non-specific 
response with regard to the type of pathogen used to induce resistance as well as the 
type of pathogen that is being protected against. As will be discussed later, the act of 
inducing resistance results in myriad systemic biochemical changes in the host. Each of 
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these changes may not playa role in the defense to a given pathogen (very different 
pathogens representing viruses, bacteria, fungi and protists were tested), but the fact that 
so many changes are induced or primed may help to explain why resistance is so broad­
based. 

2.2 MELON (CUCUMIS MELO) 

Compared to the literature on induced resistance in cucumber, much less is know about 
induced resistance in other cucurbits such as melon. Caruso and Kuc (1977a, 1977b) 
reported that prior inoculation of anthracnose susceptible melon plants with C. 
lagenarium resulted in expression of systemic resistance to C. lagenarium under both 
greenhouse and field conditions. The timing and general characteristics of the resistance 
was very similar to what was seen in cucumber (Caruso and Kuc, 1977a). 

Taking a different strategy, Esquerre-Tugaye and co-workers (Esquerre-Tugaye et 
al., 1979) found that pre-exposure of melon plants to high levels of ethylene also induced 
resistance to a subsequent challenge inoculation with C. lagenarium. In these 
experiments, prior exposure if anthracnose-susceptible melons to 500 ppm ethylene gas 
resulted in the expression of resistance. This type of resistance was correlated with the 
enhancement of hydroxyproline-rich glycoproteins in the cell walls of the host. Roby 
et al. (1988) reported that fungal infection (thus confirming the work of (Caruso and 
Kuc, 1977a)) or treatment with a fungal elicitor would also induce systemic resistance 
in melon to C. lagenarium. 

2.3 WATERMELON (CITRUUUS LUNATUS) 

One of the first reports of induced resistance in cucurbits was the protection of 
watermelon seedlings against Fusarium oxysporum by prior inoculation of the roots with 
the pathogen of com, Helminthosporium carbonum (Shimostsuma et al., 1972). In these 
experiments, roots of susceptible watermelon seedlings were dipped into a spore 
suspension of H. carbonum prior to transplanting into Fusarium-infested soil. 
Resistance was characterized by a decrease in the severity of wilt symptoms. 

More recently, Biles and Martyn (1989) have demonstrated that watermelon seedlings 
can be protected against virulent isolates of F. oxysporum f.sp. niveum by prior root 
inoculation with less virulent or avirulent isolates of the pathogen or by inoculation with 
the cucumber pathogen F. oxysporum f.sp. cucumerina. The resistance was most 
effectively induced by avirulent strains of the watermelon pathogen. The resistance was 
expressed both locally and systemically. 

Similar to cucumbers and melons, inoculation of one leaf of watermelon with spores 
of the anthracnose fungus also resulted in systemic protection of the entire plant against 
subsequent infection by the same pathogen under both greenhouse (Caruso and Kuc, 
1977a) and field (Caruso and Kuc, 1977b) conditions. 
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3. Effect of Induced Resistance on Arthropod Herbivores 

One of the hall marks of systemic induced resistance in cucumber and other plants is the 
non-specificity of the resistance to a broad range of pathogens. Because of these 
observations, it has been suggested that the induction of systemic resistance to pathogens 
in cucumber may also result in increased resistance to arthropod herbivore feeding. 
Systemic increases in resistance to arthropod herbivore attack have been reported to 
occur in plants after mechanical damage or feeding injury and this includes cucurbits 
(Tallamy 1985). 

Potter and co-workers carried out a series of experiments to test whether or not 
cucumber plants that were expressing systemic induced resistance were more resistance 
to attack by a number of arthropod herbivores. In the first study, Apriyanto and Potter 
(1990) induced cucumber plants by inoculation of one leaf with TNV. They confirmed 
that the plants were induced by challenge inoculations with C. lagenarium. Although the 
plants exhibited a high degree of resistance to C. lagenarium, no effect on the growth, 
development or behavior of two-spotted mites, fall army worm larvae or white flies was 
observed. Somewhat surprisingly, striped cucumber beetles fed more consistently on the 
induced as compared to control plants. Cucurbitacins, which act as feeding stimulants 
for these beetles, are know to increase after injury. However, TNV infection had no 
effect on cucurbitacin content. Thus, the increase in feeding by the beetles was the result 
of another factor. 

In a subsequent study, Ajlan and Potter (1991) reported that induction of resistance 
in cucumber with C. lagenarium had no effect on population dynamics of the two­
spotted spider mite, growth of fall army worm larvae or reproduction of melon aphids. 
Thus, these results confirmed their previous work. The authors were able to consistently 
induce systemic resistance to C. lagenarium by prior infection with this fungus. They 
also reported that feeding injury caused by the fall army worm larvae or spider mites did 
not induce systemic resistance to C. lagenarium. 

It is probably not surprising that there was no reciprocal induction of resistance 
between pathogens and the arthropod herbivores. As discussed by Hammerschmidt 
(1993), it is probable that the types of signals that result in increased pathogen resistance 
and the mechanisms used for resistance are different than the signals and mechanisms 
involved in induced resistance to arthropod herbivores. 

4. Mechanisms of resistance 

In general, it can be assumed that the actual mechanisms of defense in plants exhibiting 
induced resistance should be very similar, if not identical to, the mechanisms used by 
plants exhibiting resistance that is controlled by resistance genes or exhibiting non-host 
resistance. Unlike legumes or the solanaceous plants, relatively little is known about the 
nature of defense in cucurbits that is controlled by resistance genes. In fact, much of our 



69 

current knowledge, as illustrated in this section, of cucurbit defense processes has been 
revealed by studies on the mechanisms expressed by induced plants. 

4.1 FUNGAL DISEASES 

4.1.1. Colletotrichum lagenarium. The first studies aimed at understanding the nature 
of resistance in induced resistance involved a histological investigation of the infection 
of cucumber by Colletotrichum lagenarium. Using light microscopy, Richmond et al. 
(1979) studied the efficiency of penetration of C. lagenarium into leaves of control 
cucumber plants or those that were previously induced by infection with C. lagenarium. 
Spore germination and appressorium formation was found to be similar on both control 
and induced plants. This observation indicated that the resistance to anthracnose was not 
the result of a chemical inhibitor that accumulated in or on the cuticle of induced plants. 
However, the number of successful penetrations of the pathogen into the epidermal cells 
of control plants was found to be much greater that into induced plants. There was no 
obvious hypersensitive response associated with the lack of infection into the induced 
plants. It was noted, however, that there was a difference in the ability of the appressoria 
to stain with cotton blue, although the reason for this was not apparent. Jenns and Kuc 
(1979a) subsequently reported that cucumber plants induced with TNV also allowed 
fewer penetrations by C. lagenarium. The observation that induced plants appear to stop 
penetration prior to infection has subsequently been confirmed by other researchers 
(Hammerschmidt and Kuc, 1982; Stumm and Gessler, 1986); Kovats et al., 1990;) 

A possible mechanism for the inhibition of penetration into induced leaves was first 
reported by Hammerschmidt and Kuc (1982). This report confirmed the previous 
observations of Richmond et al. (1979) and Jenns and Kuc (1979a) that induced plants 
were able to reduce penetration into the epidermis. The important role of the epidermis 
was shown by observing the decreased rate of infection of C. lagenarium into epidermal 
strips that were inoculated after removal from the plant. Hammerschmidt and Kuc (1982) 
also demonstrated that a much higher proportion of appressoria on petioles of induced 
plants that had no visible sign of penetration into the epidermis were associated with the 
deposition of a lignin-like polymer deposited in a halo-shaped structure under the 
appressoria. Comparison of time course data of penetration into control and induced 
plants revealed that the frequency of penetration (with no lignification) into controls was 
nearly identical with the frequency of non-penetration and lignification into the induced 
plants. These results suggested that resistance was being expressed at some early time 
during attempted penetration of the fungus into the host. 

The lack of penetration into induced host tissue was later found to be very similar 
(anatomically and histochemically) to the non-host resistance of several species of 
cucurbits to non-pathogenic Colletotrichum species (Hammerschmidt et al., 1985). These 
authors reported that C. lagenarium that was pathogenic on cucumber could not infect 
pumpkin or squash, and this lack of infection was correlated with a failure of penetration 
of the pathogen from appressoria into host epidermal cells and the appearance of a 
lignified halo around and under the appressoria. Attempts to infect cucumber with the 
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non-pathogen C. atramentarium revealed a similar response. This pathogen of potato was 
capable of germinating and producing appressoria on cucumber, but infection into the 
host was apparently blocked by the deposition of lignin in the outer epidermal cell wall 
of the plants. In fact, histologically and histochemically, the non-host response appeared 
identical to the induced resistance response to attempted infection. 

The role for lignification as a component of induced resistance in leaves was supported 
by Dean and Kuc (1985). They found leaf discs from induced leaves would incorporate 
label from radioactive cinnamic acid more rapidly after challenge with C. lagenarium 
than did challenged uninduced discs. This report also indicated that induced plants have 
a greater capacity to deposit lignin after wounding, and this may be related to the rapid 
host responses to attempted infection. 

Stumm and Gessler found that the failed infection of C. lagenarium into induced 
leaves was associated with the appearance of autofluorescent papillae under appressoria. 
These fluorescent papilla were associated with appressoria that did not successfully 
penetrate the epidermal cell wall. Although the chemical nature of these structures was 
not presented, the autofluorescence suggests that phenolic materials were present. 

Kovats et al. (1991) recently reported on the cytological aspects of induced resistance 
in cucumber to C. lagenarium. These authors reported, unlike previous authors, that 
somewhat fewer appressoria were produced on leaves of induced as compared to control 
plants. In addition, Kovats et al. found that glucan-containing papilla were produced 
under appressoria. this suggested that glucans as well as lignins may be important in 
blocking penetration of C. lagenarium into induced tissues. These authors also reported 
that in leaves, lignification occurred primarily in the entire epidermal cell and, thus, may 
be involved in slowing pathogen development after infection into the host cell. This is 
different than the results of Hammerschmidt and Kuc(1982) who found lignified 
structures in the upper epidermal wall beneath appressoria. However, as pointed out by 
Kovats et at. (1991), they used leaf tissue while Hammerschmidt and Kuc (1982) 
examined epidermal strips from petioles. Thus, one plant organ may respond to induction 
in a slightly different manner than another. 

In addition to the light microscopy studies, two ultrastructural studies have been 
reported by Xuie et al. (1988) and Stein et al. (1993). Xuei et al. reported, using both 
light and electron microscopy, that successful penetration occurred earlier and to a 
greater extent in control as compared to induced plants. Ultrastructural studies revealed 
that under the appressoria of C. lagenarium on induced plants was an electron dense 
material both within the cell wall and as a granular material in between the wall and the 
plasmamembrane. These changes could be observed as early as 24 hours after 
inoculation, and they appeared to be associated with the failure of the pathogen to 
penetrate through the wall. Infection hyphae in the outer epidermal cell wall of induced 
plants were constricted in size as compared to those seen in controls. The encasement 
of the fungal infection peg in dense cell wall materials and papilla was also observed. 

In a later study by Stein et al. (1993), these ultrastructural changes reported by Xuei 
et al. (1988) were confirmed and expanded upon. In this study, ultrastructural 
cytochemistry of the cell wall changes was carried out. Using potassium permangante 
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as a stain for lignin (lignin reacts with soluble permanganate to form insoluble, electron­
dense manganese dioxide), the areas of the wall showing alterations reacted positively 
for lignin. That the observed staining was from manganese deposition was confirmed 
using energy dispersive X-ray analysis. Only where lignin was presumed to be deposited 
was a strong signal for manganese found. Since the reports of both Stein et al. (1993) 
and Xuei et al. (1993) both used leaf tissue, the report by Kovats et al (1991) that no 
lignin was found under appressoria on induced cucumber plants may need to be re­
examined. The size of the lignified area, as seen by transmission electron microscopy, 
was often smaller or the same size as the appressorium (Stein et al., 1993). Thus, 
observation of the lignified part of the papilla formed on leaves may not be visible by 
light microscopy under the darkly pigmented appressorium. 

Using energy dispersive X-ray analysis, Stein et al. (1993) also reported the presence 
of silicon under the appressoria that exhibited no penetration into the tissue. Silicon (as 
silicon oxides) has been reported to act as a general cell wall strengthening material in 
other host defense responses. Thus, it appears that induced cucumber plants use at least 
three means of strengthening cell walls to prevent infection: lignin, callose and silicon 
oxides. 

4.1.2 Cladosporium cucumerinum. Hammerschmidt and Kuc (1982) reported that 
induced resistance of cucumber to C. cucumerinum was also associated with the 
deposition of lignin in the outer epidermal cell walls of the host at sites of attempted 
infection. This resistance response was histologically and histochemically identical to the 
response of resistant cultivars of cucumber to this pathogen. Unlike the response seen 
with Colletotrichum, entire epidermal cells around the infection site appeared to lignify 
after attempted infection by C. cucumerinum. This may be a reflection of the different 
mode of penetration by the two pathogens. 

The association of lignification of the epidermis as a mechanism for resistance of 
cucumber to C. cucumerinum was previously reported by Hijwegen (1963) and 
Hammerschmidt et al. (1984). Histologically, the resistant and induced resistant host 
responses in cucumber to C. cucumerinum appear to be identical. 

Heat shock induced resistance, unlike biologically induced resistance, appears to have 
a different mode of action. Stermer and Hammerschmidt (1987) reported that heat shock 
of scab susceptible varieties resulted in enhanced local resistance to infection by C. 
cucumerinum. However, unlike systemic resistance to this pathogen, no enhanced 
lignification was observed upon challenge with this fungus. The heat shocked plants did, 
however, express a higher content of hydroxyproline-rich glycoproteins in their cell 
walls. Because the hypocotyl cell walls of the heat shocked seedlings were less 
susceptible to degradation by cell wall degrading enzymes, it is possible that 
strengthening the walls with hydroxyproline rich glycoproteins may account for the 
enhanced resistance. The possible association of hydroxyproline rich glycoproteins in 
resistance of cucumber to C. cucumerinum had previously been reported by 
Hammerschmidt et al. (1984). 
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4.1.3 Sphaerothecafuliginea. Infection of cotyledons or a lower true leaf of cucumber 
with TNV resulted in the induction of systemic resistance to the powdery mildew fungus, 
S. fuligenia (Bashan and Cohen, 1982; Conti et al., 1990). Both groups reported an 
association of lignification with decreased penetration by the pathogen into induced host 
tissue. In the work reported by Conti et al. (1990), the germination rate of conidia was 
identical on both control and induced plants suggesting that the mechanism of protection 
was not based on a failure of the conidia to germinate. 

4.2 BACTERIAL DISEASES 

Although induced resistance against two bacterial disease, Pseudomonas syringae pv. 
lachrymans and Erwinia tracheiphila has been described, very little is know about the 
mechanisms used by the host plant to inhibit pathogen development. Caruso and Kuc 
(1979) reported that growth of P. s. lachrymans was inhibited in cumber plants 
previously induced with either the bacterium or with C. lagenarium. They found up to 
a three log decrease in the populations of bacteria in the induced as compared to the 
control plants. On the contrary, Doss and Hevesi (1982) found that cucumber plants that 
had been induced with either C. lagenarium or mercuric chloride exhibited a decrease 
in angular leaf spot symptoms in induced plants, but there was no effect of resistance 
induction on growth of the bacterium in the plant. They concluded that induced 
resistance was the result of a lack of symptom expression rather than a direct inhibition 
of bacterial growth. 

More recently, Yang-Cashman and Hammerschmidt (Hammerschmidt et al., 1993) 
have confirmed the results of Caruso and Kuc (1979). In the study by Yang-Cashman and 
Hammerschmidt, antibiotic-marked strains of P.s. lachrymans were used to monitor the 
populations of the bacterium in induced and control cucumber plants. They found that 
there was up to a 100-fold decrease in popUlations of the bacterium in the induced plants. 
They also found that at least part of the inhibition may be the result of some growth 
retardation factor(s) that were present in the plants as a result of induction, because re­
isolation of bacteria from induced plants immediately after inoculation frequently resulted 
in a lower yield of viable cells than were found in control plants. The nature of the 
inhibitory substance(s), however, has not been identified. 

Bergstrom (1981) found that resistance in cucumber plants could also be induced 
against the vascular wilt bacterium E. tracheiphila. Although no mechanisms for the 
resistance have been reported, Bergstrom did report on the presence of a bacterial 
agglutinating factor in xylem fluids that was present at higher titer in the induced as 
compared to the control plants. The possible role of this bacterial agglutinin in resistance 
has not been studied further. However, based on the mode of pathogenesis by this 
Erwinia, this agglutinin may be important. 
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4. Systemic Biochemical Changes Associated with the Induced Resistance State 

The systemic nature of induced resistance implies that some types of biochemical or 
physiological changes must occur in the plant as a result of resistance induction. The 
purpose of this section is to review these types of changes and to relate them to the 
observed mechanisms of resistance described above. 

4.1 PEROXIDASE 

One clear resistance response that is known to occur in induced plants is the ability to 
more rapidly lignify at the point of attempted fungal infection. The last enzymatic step 
of lignification utilizes peroxidase, an enzyme that can generate lignin polymers by 
catalyzing the formation of free radicals of the lignin monomer precursors. In the early 
1970's, Ross and co-workers reported that tobacco expressing systemic induced resistance 
to TMV had higher levels of peroxidase activity than did the non-induced controls. This 
observation in tobacco and the observation that induced cucumber will lignify faster than 
controls suggested that there may be an increase in peroxidase in cucumber after 
resistance induction. 

Hammerschmidt et al. (1982) reported that prior inoculation of cucumber plants with 
C. lagenarium did result in a several-fold increase in peroxidase activity in the leaves 
above the induction site. Wounding or damage with dry ice had no systemic effect on 
peroxidase activity. The increase in peroxidase activity was found to parallel the amount 
of resistance that was induced. For example, inducing the plants with only one 
anthracnose lesion on leaf one resulted in a small, but significant, increase in total 
peroxidase activity and resistance in leaf two. Increasing the number of lesions from one 
to thirty on leaf one also resulted in a significant increase in peroxidase activity and 
resistance that paralleled the increase in the number of inducing lesions. Similarly, 
giving a second inducing inoculation was also found to increase not only the level of 
resistance, but also the total peroxidase activity. In time course studies, the appearance 
of enhanced peroxidase activity was also in agreement with the time of resistance 
induction. 

Hammerschmidt et al. (1982) found that the increase in peroxidase activity was 
associated with an enhancement of three acidic peroxidase isoforms. Increases in these 
isoforms was found in all tissue types analyzed, and these isoforms appeared to be 
localized in the apoplast. Smith and Hammerschmidt (1988) followed up on these 
observations. They reported that a similar set of acidic peroxidases were also 
systemically induced in watermelon and muskmelon. The isoforms from these three 
cucurbits were found to range in size from 30 to 33kD. Serological analysis using 
antibodies raised against the cucumber peroxidases also indicated that the peroxidases 
from the three cucurbits were related. Genetic analysis of the segregation of these acidic 
peroxidases indicate that the isoforms are modifications of one gene or are part of a 
closely linked set of genes at a single locus (Dane 1983). 
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Smith (1988) purified the 33 kD peroxidase, and this preparation was used to obtain 
sequence information about the protein. Rasmussen et al. (1994) were able to clone 
a cDNA for the 33 kD peroxidase. This clone was different from a previously 
characterized peroxidase cDNA from cucumber (Morgens et al., 1990). Using a portion 
of the clone as a probe, Rasmussen et al. (1994) were also able to demonstrate that the 
message for the peroxidase was induced systemically, and that the appearance of the 
message preceded the increase in peroxidase activity. 

Stein et al (1993) used diaminobenzidine staining to attempt to localize peroxidase 
activity in induced leaf tissue. Possibly because of the high solubility of the induced 
isoforms, no increase in diaminobenzidine positive material was found in induced, but 
not challenged leaves. In induced leaves that were challenged with C. lagenarium, these 
authors found intense diaminobenzidine staining in the outer host epidermal wall that was 
directly under appressoria that had not penetrated. The pattern of diaminobenzidine 
staining was identical to that of lignin deposition. This indicated strong peroxidase 
activity in the wall where cell wall modifications were occurring. No diaminobenzidine 
staining was observed where successful penetrations had occurred. 

In addition to pathogen attack, systemic accumulation of peroxidase can be induced 
by treatment of leaves with K2HP04 (Irving and Kuc 1990). Di- and tri-basic potassium 
salts of phosphates were previously shown to induce systemic resistance in cucumber 
(Gottstein and Kuc, 1989), and thus this result was probably not unexpected. The 
phosphates did, however, induce the peroxidase activity more rapidly and to a higher 
level of activity than did infection with C. lagenarium. 

4.2 CHITINASE 

Chitinases have been hypothesized to play a role in active defense because of their 
potential antifungal activity. Metraux and Boller (1986) first reported that inoculation 
of one leaf of cucumber plants with C. lagenarium, P.s. lachrymans or TNV resulted in 
the local and systemic expression of chitinase activity. Most of the induced activity was 
found to be associated with an acidic chitinase. Subsequent work by Metraux et al. 
(1988) revealed that the acidic chitinase was one of the PR proteins of cucumber. 
Metraux and Boller (1988) further demonstrated that the chitinase was extracellular. This 
is important as most of the pathogens that could be affected by chitinase develop outside 
of the protoplast. Metraux et al. (1989) later cloned this chitinase and found strong 
systemic expression of the message after inoculation of one leaf with TNV. The 
sequence information indicated that the chitinase also had homology to bifunctional 
chitinase/lysozyme. The regulation of this chitinase was reported by Lawton et al. 
(1994). They found that the gene was developmentally regulated as well as being 
strongly induced by salicylate. Interestingly, the gene was slightly induced by 
cycloheximide (although cycloheximide treatment would block the strong induction by 
salicylate). This is similar to the results of Rutter (1987) who found that cycloheximide 
would block the heat shock-induced accumulation of acidic peroxidases, but that low 
levels of cycloheximide would also induce peroxidase activity. 
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Similar to the observations with peroxidase activity, Irving and Kuc (1990) also found 
that dibasic potassium phosphate would induce a systemic increase in chitinase activity. 
The rate of appearance and total activity of chitinase was more strongly induced by the 
phosphate treatment than by C. lagenarium. This, however, may be a reflection of the 
more rapid reaction of the host tissue that is seen after treatment with phosphates than 
is observed after inoculation with the fungus. 

In addition to cucumber, Roby et al. (1988) reported that muskmelon plants 
inoculated with C. lagenarium on one leaf also exhibited systemic increases in chitinase 
activity. Fungal and endogenous elicitors were capable of inducing local increases in 
chitinase, but only the fungal elicitors could induce a systemic increase. The increase 
in chitinase was correlated with an increase in resistance to subsequent challenge by C. 
lagenarium. 

4.3 CALLOSE SYNTHASE 

As described above, the induced resistance response is associated with the inhibition of 
penetration by C. lagenarium into host tissue. This inhibition has been correlated with 
the deposition of lignin under the appressoria (Hammerschmidt and Kuc, 1982). In 
addition, callose (a 13-1,3-glucan) has also been found in papilla under the appressoria 
(Kovats et al. 1991). Callose, like lignin, has been thought to be part of the general cell 
wall strengthening that is involved in active defense. 

Because of the increased ability of the induced cucumber plants to deposit callose, 
Schmele and Kauss (1990) examined the effect of systemic resistance induction on the 
activity of a plasmamembrane callose synthase. The activity of the cucumber enzyme 
was greater in systemically induced tissue as well as locally in tissue infected with TNV. 
Thus, and similar to the work with peroxidase and cinnamyl CoA ligase, systemic 
expression of resistance is correlated with a change in metabolism that appears to favor 
more rapid cell wall changes in response to attempted infection. 

4.4 LIPOXYGENASE 

The role of lipid peroxidation in defense responses has achieved increasing attention in 
recent years. The potential role of the enzyme lipoxygenase in systemic resistance of 
cucumber was recently reported by Avdiushko et al. (1993). In this report, the infection 
of one leaf of cucumber resulted in both a local and systemic increase in lipoxygenase 
activity. Although the role of lipoxygenase in the systemic resistance response is not 
clear, the observations that lipoxygenase can act to produce both potential signal 
molecules (e.g. jasmonic acid) and antimicrobial compounds indicates that this enzyme 
may play an important role in the induced resistance response. 
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4.5 PROTEINASE INHIBITORS 

Roby et al. (1987) reported that infection of one leaf of melon resulted in a systemic 
increase in proteinase inhibitors. Although the role of proteinases in pathogen attack is 
unclear, it has been hypothesized that proteinase inhibitors may function in protecting the 
plants against arthropod herbivores (Ryan, 1991). This type of protection has not been 
evaluated in melons, but the lack of pathogen induction of resistance in cucumber to 
arthropod herbivores (see section 3 of this chapter) suggests that proteinase inhibitors 
may not playa role in systemic defense to insects or mites. 

5.0 Systemic signals for resistance 

The observation that infection of one leaf of cucumber results in the systemic expression 
of resistance in tissues both above and below the point of inoculation indicates that the 
infection results in the production of a signal or signals that induce the state of resistance. 
Early work by Kuc provided strong evidence for the presence of such signals, and this 
part of the chapter will review what is known about systemic signals for resistance in 
cucumber. 

Since resistance is induced both above and below the point of inoculation, it has been 
hypothesized that the translocated signal for resistance is phloem mobile (Guedes and 
Kuc, 1980). Steam girdling of the inoculated leaf prior to inoculation results in a lack 
of resistance expression in other parts of the plant even though normal disease lesions 
develop on the inoculated leaf. Similarly, girdling the petiole of a leaf above the leaf 
used for resistance induction results in a lack of induced resistance in that leaf. Because 
xylem function was maintained through the steam-girdled areas, these results indicated 
that the signal was phloem (or at least symplast) mobile. 

Jenns and Kuc (1979b) provided further evidence for a translocated signal by showing 
that the signal could move through successful graft unions. This work also 
demonstrated that cucumber, muskmelon and watermelon all use the same or similar 
signal(s) for resistance because grafting of watermelon or muskmelon scions onto 
cucumber rootstocks that were infected with C. lagenarium resulted in resistance 
induction in these other two cucurbits. The wounding and wound repair processes 
associated with the formation of the graft union had no obvious effect on resistance 
expression. 

Dean and Kuc (1986a, 1986b) provided further evidence for the presence of a 
translocated signal and demonstrated that the inoculated leaf was the source of this signal. 
In the first paper (Dean and Kuc, 1986a), the inoculated leaf was shown to be the origin 
of the translocated signal by grafting uninduced scions onto induced rootstocks that still 
had the inoculated leaf intact. If the inoculated leaf was detached prior to making the 
graft union, no resistance was found in the scion. However, if the inoculated leaf 
remained on the rootstock, the scion did become resistant to infection by C. lagenarium. 
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In this same paper, Dean and Kuc also showed that induced, but not infected, leaves 
could not serve as a systemic signal source. 

In a subsequent paper, Dean and Kuc (1986b) excised the C. lagenarium infected leaf 
at daily intervals after inoculation. By this procedure, the translocation of the signal was 
found to occur by 72 hours after inoculation. Using grafting experiments, these authors 
also provided evidence that functional phloem was needed for transport of the signal. 
This was based on the observation that removing the infected leaf from the rootstock 
prior to establishment of translocation through the graft resulted in no induced resistance 
in the scion. 

Smith et al. (1991) demonstrated that systemic resistance to C. lagenarium and 
systemic increases in the acidic, apoplastic peroxidases could be rapidly induced by the 
hypersensitive response elected by P.s. syringae. In this work, resistance and peroxidase 
was systemically induced within 24 hours of inoculation of leaf one. Using the same leaf 
detaching strategy used by Dean and Kuc (1986b), Smith et al. (1991) showed that the 
first true leaf needed to be on the plant for only 6 hours for the systemic expression of 
a small, but significant increase in systemic resistance. This was prior to the visible 
appearance of the hypersensitive response, but clearly at a time when the events leading 
to hypersensitive death are underway. Thus, from both the work of Dean and Kuc 
(1986a, 1986b) and Smith et al. (1991), it is clear that the inoculated leaf was the source 
of the signal and that the generation of the signal was correlated with the initial stages 
of cell death. 

Taking advantage of the fact that wounded stems and petioles readily exude phloem 
exudate, Metraux et al. (1990) were the first to report on a putative translocated signal 
for induced resistance in cucumber. These authors found that increased amounts of 
salicylic acid could be found in phloem exudates from the stem internode above the 
induced leaf. The increase in salicylic acid was found to just precede the appearance of 
induced resistance. Since salicylic acid was already known to have resistance-inducing 
activity in both tobacco (White, 1979) and cucumber (Mills and Wood, 1986), the results 
of Metraux et al. (1990) supported a role for salicylic acid as a signal molecule in 
cucumber. 

Injection of salicylic acid into cucumber leaves or petioles was found to induce 
chitinase gene expression (Metraux et al., 1989) as well as peroxidase activity 
(Rasmussen et al., 1991) and acidic peroxidase gene expression (Rasmussen et al., 
1994). Reduction in anthracnose lesion size, total necrotic lesion area and penetration of 
C. lagenarium into salicylic acid treated cucumber cotyledons was also reported 
(Rasmussen et al., 1991). These results support the possible role of salicylic acid as a 
factor in the expression of induced resistance in cucumber. 

The role of salicylic acid as the translocated signal was, however, questioned by 
Rasmussen et al. (1991). In this report, the first true leaf was inoculated with 
Pseudomonas syringae pv. syringae. This bacterium rapidly induces systemic resistance 
(Smith et al., 1991). In addition, after inoculation with this bacterium, the inoculated 
leaf only needed to be on the plant for as little as 6 hours to result in the expression of 
a low level of systemic resistance. Rasmussen and co-workers tested whether or not 
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salicylic acid was the translocated signal by detaching the inoculated leaf at intervals after 
inoculation and measuring the amount of salicylic acid in the phloem exudate of the 
inoculated leaf. They found that no increases in salicylic acid in the phloem of the first 
leaf were observed until eight hours after inoculation. Despite this, leaving the first leaf 
on the plant for only four hours resulted in increased levels of salicylic acid in the second 
true leaf. The amount of salicylic acid was measured at 24 hours after inoculation - 20 
hours after the source leaf was removed. These results suggested that another signal 
was the primary, translocated signal, and that this signal resulted in the induction of 
salicylic acid. The nature of the primary signal, however, is unknown. 

6. Natural and synthetic inducers of resistance 

The use of exogenously applied chemicals for the induction of resistance in cucumber has 
a long history. In 1963, Hijwegen confirmed the previous work of va nAn del (1958) that 
treatment of scab susceptible cucumber seedlings with phenylserine resulted in protection 
of the seedlings against the scab pathogen, C. cucumerinum. He demonstrated that the 
phenylserine treated plants contained a higher amount of lignin, based on histochemical 
tests, but he did not conclude that enhanced lignification was part of the induced 
resistance response. 

Mills and Wood (1983) found that pretreatment of cucumber plants with salicylic, 
acetylsalicylic or polyacrylic acids induced local, and to a lesser extent systemic, 
resistance to subsequent infection with C. iagenarium. Exogenous application of salicylic 
acid was also effective in inducing resistance to the downy mildew pathogen 
Pseudoperonospora cubensis (Okuno et ai., 1991). 

In another study, Coutts and Wagih (1984) reported the induction of resistance to 
TNV by prior application of polyacrylic acid. 

Growth regulators may also playa role in acquired resistance. Mills et ai. (1986) 
found that application of the synthetic cytokinin, 6-benzylaminopurine, resulted in the 
expression of induced resistance to C. iagenarium. This suggests the changes in 
endogenous growth regulators may playa role in the expression of induced resistance. 

Taking another approach, Doubrava et al. (1986) fractionated leaf tissue of spinach 
to determine if this plant contained chemicals that were capable of inducing resistance 
in cucumber. After a series of fractionations, they isolated a water soluble material that 
was able to effectively induce resistance to C. iagenarium in cucumber. The active 
material in this fraction was oxalic acid. These authors also found that the active 
resistance-inducing factor in rhubarb leaves was also oxalic acid. Modifications of the 
oxalate molecule (i.e. esterification of the acid groups) eliminated the resistance inducing 
activity. The induction of systemic resistance by oxalate was associated with the 
induction of a local chlorotic stippling of the treated leaves. 

The efficacy of oxalate as an inducing agent was subsequently confirmed (Gottstein 
and Kuc, 1989). These authors also reported that di or tri-basic potassium phosphate 
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salts were also effective inducers of resistance to C. lagenarium. Similar to oxalate, the 
phosphate salts also induced a localized chlorotic stippling on the treated leaves. 

The biological spectrum of phosphate and oxalate-induced resistance was reported by 
Mucharromah and Kuc (1991). In this study, the authors used both chemicals to induce 
resistance to the following fungal diseases: anthracnose, scab, gummy stem blight, and 
powdery mildew. Good resistance was also induced against the bacterium P. syringae 
pv. lachrymans and tobacco necrosis virus (TNV). Only small increases in resistance 
were seen in experiments using cucumber mosaic virus or the bacterial wilt pathogen, 
E. tracheiophila. 

Synthetic resistance-inducing chemicals have also been reported. Application of the 
nicotinic acid derivative, 2,6-dichloroisonicotinic acid (INA), resulted in induced 
resistance to infection by C. lagenarium, and P.s. lachrymans (Metraux et al. 1991). 
IN A appears to function by inducing resistance and is not converted to any antimicrobial 
compounds by the plant (Metraux et al., 1991). Control of angular leaf spot by INA 
has also been observed in field trials using several cucumber cultivars (Hammerschmidt, 
unpublished results). 

7. Future perspectives 

Although a large body of literature on the induced resistance response in cucurbits has 
been generated over the last 20 years, there is still much to be learned. Several areas 
need to be addressed to help develop of full picture of induced resistance in this family. 
Work needs to be done to critically evaluate the putative defense mechanisms that have 
been described as part of the resistance response. Questions need to be asked and 
answered to determine the relative contribution of cell wall changes, chitinases, etc. in 
the restriction of pathogen development in induced tissues. The molecular regulation of 
the defense responses is also poorly characterized, and this type of information is needed 
to help fully understand the resistance mechanisms. 

The work on cucurbit induced resistance has largely been confined to cucumber and, 
to a lesser extent, muskmelon and watermelon. Many of the members of the genus 
Cucurbita are important food crops in many parts of the world. Induced resistance, once 
understood in these species, could provide a safe, economical alternative or supplement 
for disease control in these crops. 

More work is needed on the practical applications of induced resistance. Good disease 
control has been demonstrated using induced resistance as the sole control factor. 
However, much work needs to be done to find proper implementation procedures, the 
effectiveness of induced resistance under a variety of environmental conditions and 
pathogen pressures, and how induced resistance can be integrated into an overall scheme 
of disease control. 
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1. Introduction 

The major agronomic crops wheat, rice, barley and com are all classified as 
graminaceous monocots. They are cultivated worldwide on an area of 578 million 
hectares and annually produce 1769 million tons of grain. Thus, these crops play a 
prominent role in production of food for the growing world population. Although 
diseases and pests have always accompanied agricultural plant production, only a few 
complete solutions for plant protection have been developed. In most cases, the disease 
problems could be solved only for a limited time. In spite of the increasing use of 
pesticides, yield losses caused by diseases and pests increased in the major crops in 
absolute as well as in relative numbers in the last 25 years (Oerke and SchOnbeck, 1992). 
The reasons for this increase are the intensive agricultural practices with increased 
fertilizer use, a higher susceptibility of high-yielding cultivars and insufficient plant 
protection procedures. Therefore, phytomedical research must continuously search for 
new possibilities and methods for improving plant protection. These efforts are a 
necessary supplement to existing procedures to maintain the productivity and health of 
plants, and thereby ensure a longterm productivity of agriculture. 

Most of the conventional chemical and biological plant protection procedures, as well 
as the use of disease-resistant cultivars, tend towards the direct control of pests and 
diseases by their elimination. However, and especially in monoculture crops like wheat, 
rice, barley and com, these practices raise problems. For example, the risk for 
development of pesticide resistant populations of pathogens is enhanced by long term use 
of the same chemical. In addition, it is well known that resistance genes of the plants 
may also be overcome by changes in the pathogens. Obviously, there is a demand for 
procedures, which supplement the use of resistance breeding and chemical control in 
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plant protection with new strategies that may replace or complement the traditional 
methods. 

To a certain degree, susceptible plants can be altered in their resistance against 
pathogens without genetic manipulation . This enhancement in resistance in response to 
an extrinsic stimulus without a known alteration of the genome is called induced 
resistance. The protection is based on the stimulation of defense mechanisms by 
metabolic changes that enable the plants to defend themselves more efficiently. Through 
induced resistance, an increased level of resistance in plants is accessible in a short time 
whereas conventional breeding is a lengthy procedure which often influences other 
positive properties negatively (i.e., yield and quality). 

The phenomenon of induced resistance has been known since the beginning of the 
century. Since publication of the first review by Chester (1933) on alteration of resistance 
after infection with pathogens, numerous publications with different host-parasite systems 
have proven the efficacy of induced resistance against viruses, bacteria and fungi. Most 
of this work, however, was with dicotyledonous plants. Considering the economic 
importance of monocotyledonous crop plants, the number of investigations of plants in 
this Order is comparatively small. The aim of this chapter is to provide an overview of 
induced resistance in monocots discussing the following aspects: procedures of induction, 
characteristics and criteria, the changes in plant metabolism accompanying the impaired 
development of the pathogens, and the significance of induced resistance as a practical 
means for plant protection with special regard to the yield response. 

2. Biotic and abiotic inducers 

Inducing agents can be either biotic or abiotic. As demonstrated in dicotyledonous 
plants, two kinds of procedures are also used to induce resistance in monocots: 
preinoculations with nonpathogens, incompatible races, saprophytes or symbionts; 
pretreatments of the plants with naturally-occurring metabolites or chemically defined 
substances. 

Preinoculations with avirulent or virulent pathogens induced local resistance against 
powdery mildew in barley and wheat (Ouchi et ai, 1976; Kunoh et ai, 1985; Sahashi and 
Shishiyama 1986; Schweizer et ai, 1989; Smedegaard-Petersen, 1990) and for blast 
disease in rice (Iwano, 1987). Gregersen und Smedegaard-Petersen (1989) induced 
resistance in barley with previous inoculations with the saprophytic fungus Cladosporium 
macrocarpum. Hwang und HeitefuB (1982) systemically protected spring barley against 
powdery mildew by prior infection with compatible and incompatible races of the fungus. 

The formation of necrosis as a prerequisite of induced resistance have been described 
frequently (Doke et ai, 1987). This has lead to the conclusion that metabolic reactions 
of the plants involved in this process act as the inducer (Kuc 1983). In barley, an 
increase of inoculum density of the avirulent mildew isolate used for induction caused 
a higher degree of necrotization of the plant tissue and this was correlated with the 
degree of induced resistance (Chaudhary et ai, 1983; Cho and Smedegaard-Petersen, 
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1986; Thordal-Christensen and Smedegaard-Petersen, 1988). Nevertheless, a general 
requirement of necrotic lesions is questionable. Although protection was higher after 
preinoculation with an incompatible race, Hwang and HeitefuB (1982) also induced 
systemic resistance in spring barley by preinoculation with a compatible race of Erysiphe 
graminis f. sp. hordei that did not cause a hypersensitive reaction or necrotization of the 
plant tissue. Preinoculations with Erysiphe graminis f. sp. avenae and Puccinia coronata 
f.sp. avenae on barley decreased the susceptibility against Erysiphe graminis f. sp. hordei 
and preinoculations with Erysiphe graminis f.sp. hordei on oat resulted in disease 
reductions caused by Erysiphe graminis f. sp. avenae (Villich-Meller und 
Weltzien, 1990). 

Reports are available on the effectiveness of naturally-occurring and synthetic 
chemical compounds as abiotic inducers of resistance in susceptible plants. Rathmell 
(1984) has described a wide range of synthetic chemicals that can stimulate resistance in 
rice against Pyricularia oryzae and in wheat against Puccinia recondita. Isonicotinic acid 
and its derivatives have been patented as substances for the enhancement of plants 
resistance reactions (Kunz et ai, 1988). Salicylic acid is also known as a resistance­
inducing substance in various dicotyledonous plants against virus and fungal diseases. 
Walter et al (1993) showed recently that besides treatments with salicylic acid, sodium 
salicylate and acetysalicylic acid, application of the phenolic acids vanillic acid, iso­
vanillic acid and syringic acid also led systemically to reductions in mildew infection of 
barley. 

Plant metabolites have also been shown to effectively induce resistance. Barley 
treated with extracts from wild and ornamental plant species reduced disease severity of 
powdery mildew up to 90% when challenge inoculated three days after the application 
of the inducers (Klingauf und Herger, 1985). Extracts from infected barley cv. Bigo 
leaves, applied to susceptible barley cv. Xenia seedlings, reduced susceptibility to 
Puccinia striiforminis infection (Reiss 1986). Yamada et al (1990) und Hiramoto et al 
(1992) systemically induced resistance in juvenile leaves against powdery mildew with 
extracts from seeds of barley and wheat. 

Kristensen et al (1993) prepared crude extracts from conidia of Erysiphe graminis f. 
sp. hordei which had the ability to induce local protection in barley against powdery 
mildew. Treatments of rice seedlings with spores and toxins of Pyricularia oryzea 
increased the resistance of the plants against these fungi (Ouyang et al 1987). Fujiwara 
et al (1987) hypothesized that wounded barley plants synthesized volatile substances that 
decreased the susceptibility of undamaged plant parts. 

Metabolites of microorganisms have only been studied to limited extent, and we have 
yet to exhaust these organisms as a source of resistance-inducing substances. Systemic 
resistance against different biotrophic fungi like rusts, powdery and downy mildew was 
induced in plants of various families by the application of microbial metabolites or of a 
purified protein enriched fraction isolated from a culture filtrate of a Bacillus subtilis 
isolate selected in a screening of more than 100 bacteria and 100 fungi (SchOnbeck et ai, 
1980; Steiner 1990). Reiss et al (1988) showed that the culture filtrates of isolates of 
Bacillus pumilus and of Erwinia herbicola, applied 3 days prior to inoculation, induced 
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resistance against Puccinia striijormis, P. hordei and Erysiphe graminis on barley. The 
great number of known abiotic resistance inducing agents, not all are listed here, and the 
variability in their specificity suggests that many inducers can be found for induced 
protection of plants. 

There currently exists more information about induced resistance against biotrophic 
fungi in monocots as compared to dicots for which the number of articles concerning the 
protection against perthotrophic fungi is higher. One reason may be that biotrophic fungi, 
i.e. powdery mildew and rust, cause the most important diseases of cereals. Thus, most 
of the literature reviewed in this chapter will be concerned with induced resistance in 
graminaceous monocots against biotrophic fungi. 

3. Markers for induced resistance 

Induced resistance is distinguished from conventional chemical as well as biological 
procedures in plant protection by the lack of toxicity of the inducing agents towards the 
pathogens. The protection of the plants is not based on the elimination of the pathogens 
but rather on the activation of plant defense mechanisms or on the enhancement of their 
activity. The basic idea behind induced resistance is that genes for resistance or defense 
reactions exist in all plants. These genes are not expressed until after a resistance­
inducing treatment activates or enhances their expression, or that changes in the plant 
metabolism modify the activity of such genes. Induced resistance is considered to be a 
biological plant protection procedure in which the plant is the target of the procedure, 
not the pathogens. 

The criteria listed below can contribute to the verification of induced resistance. 
Induced resistance is more difficult to prove for abiotic inducers than for induction by 
previous infections. Biochemical markers that specifically correlate with induced 
resistance are yet not available for monocots or dicots. 

~ Absence of toxic effects of the inducing agents on the pathogens 
~ Suppression of the induced resistance by a previous application of specific inhibitors, 
such as actinomycin D, which affect gene expression of the plant. 
~ Necessity of a time interval between application of the inducer and the onset of 
protection in the plant 
~ Absence of a typical dose-response correlation known for toxic compounds. 
~ N onspecifity of protection 
~ Local as well as systemic protection 
~ Dependence on the plants genotype causing significant differences in level and type 
of protection in different cultivars. 

In monocots, the induction of resistance by microbial metabolites is characterized by 
the fulfillment of all of these criteria (SchOnbeck et al,1993). The application of 
metabolites enhanced resistance against diseases caused by fungal species from the 
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Peronosporales, Erysiphales and Uredinales under greenhouse and field conditions. 
Thus, the induced resistance showed nonspecifity by protecting plants against pathogenic 
fungi of different phylogenetic origin. However, the protection was effective only against 
biotrophic parasites which form haustoria in their host cells. Perthotrophic fungi and 
bacteria were not affected. For establishing the resistance response in plants, an interval 
between inducer application and inoculation with the pathogen of at least 2 days is 
required. With the metabolites of B. subtilis, the optimal time interval for induction of 
resistance in various barley and wheat cultivars was 48 hours. If the plants were treated 
with the transcription inhibitor actinomycin D (10 ppm) before or at the same time as 
treatment with the inducer, resistance was not established. This indicated that 
transcriptional processes are involved (Steiner, unpublished). Characteristically, the pro­
tection induced by microbial metabolites was not complete, but the degree of protection 
could not be increased by longer time intervals between induction and challenge, by 
higher concentrations of the inducer, or by more frequent applications of the inducer. As 
shown with barley cultivars, environmental factors and the genotype of the plants 
determined the effectiveness of the plant defense mechanisms (Steiner et ai, 1988; Oerke 
et ai, 1989). The application of the microbial inducer led to a systemic protection of the 
upper plant parts indicating that the inducer or a signal triggering the induced protection 
is xylem transmissible. 

For use in plant protection, the types of inducers that would be ideal are those which 
lead within a short time interval, to a long lasting protection. For example, induction of 
resistance in tobacco was an irreversible process. Buds from protected plants grafted on 
non-protected rootstocks developed into fully grown induced resistant plants (Tuzun and 
Kuc, 1989). The irreversibility of this phenomenon in tobacco suggest that gene 
expression can be permanently changed leading to more disease resistance. The genetic 
and regulatory implications of these observations are profound, as are the possibilities 
they present for the economic control of plant disease in the field. 

4. Mechanisms of induced resistance 

Induced resistance in monocots appears to be the result of complex processes in plant 
metabolism. The following theoretical conception of the sequence of events occurring 
after application of the inducer and the challenge inoculation is derived from the 
knowledge about single reactions and may be taken as a summary of the present state of 
knowledge (Figure 1). How the mechanisms involved in signal triggering and 
transduction and in defense gene activation in monocots differ from that in dicots is not 
known. 

4.1. SIGNALING 

In spite of the remarkable progress about the key events in the resistance of plants 
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against pathogens, knowledge of the reception, recognition and transport of microbial or 
abiotic signals is fragmentary. This is also true for induced resistance where the basic 
mechanisms are not yet sufficiently understood in any system. The resistance inducing 
agents may be the signal itself or it may trigger the synthesis of yet unknown signal(s) 

DNA Meltlylafion 

Enhancement Transcription I translation 

Plant 

Figure 1. Sequence of metabolic changes in plant cells after induction of resistance and challenge infection 
(modified from SchOnbeck, el al. , 1993) . 

that are translocated systemically in the plant. The signal has attributes of a plant 
hormone. It is produced in one part of the plant and acts in another and is presumably 
produced in small quantities since it has not yet been isolated or identified. Independent 
of the kind of the inducing agent (biotic or abiotic origin) , signal transduction can be 
divided hypothetically into an intracellular and an intercellular transfer which lead at least 
to the systemic protection. 

Possible mediators in intracellular signal transduction could be at the membrane level 
ion fluxes and/or at the cytoplasmatic level. Membrane level phenomena include changes 
in ion fluxes while cytoplasmic changes may include changes in concentration of ions 
like calcium or potassium or cyclic nucleotides (Dixon et ai, 1990). The significant 
increase in K+ -concentration and alkalization of the intercellular space of barley leaves 
which occurred a few minutes after application of resistance-inducing microbial 
metabolites and was sustained for a few hours indicate also that ion fluxes may be 
mediators in signal transduction on the membrane level (Steiner, unpublished). 

Preinoculation of barley coleoptiles with Erysiphe pisi preconditioned the plant cells 
to defend themselves more efficiently against Erysiphe graminis f. sp. hordei. Kunoh et 
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al (1988, 1990) and Kobayashi et al (1990) proposed that a signal which induced 
resistance in single epidermal cells was released by the nonpathogen during the early 
stages of appressoria formation. 

It has been proposed that resistance is induced systemically by an endogenous signal 
produced in the inducer treated leaf and transported to other parts of the plant (Kloepper 
et ai, 1992). An increase in the concentration of salicylic acid was reported to be 
associated with induced resistance in dicotyledonous plants. This compound induces 
resistance after exogenous application, and Malamy et al (1990) and Metraux et al (1990) 
suggest that salicylic acid may be an endogenous signal for systemic induced resistance. 
However, recent work by Rasmussen et al (1991) suggested that salicylic acid was not 
the primary signal. In barley, the uptake of 14C-Iabelled salicylic acid into the treated first 
leaves was rapid, but very little was systemically translocated. Within 24 hours only 
1.4% of the salicylic acid applied to the first leaf was found in the second leaf (Walter 
et ai, 1993). 

During the past few years, several new plant encoded signaling molecules possibly 
involved in plant-pathogen interaction have been described. These include jasmonic acid 
and systemin (Farmer und Ryan 1992, Van Loon und Pennings 1993). Recent results by 
Wastemack et al (1993) showed that in monocots jasmonic acid and its methyl ester were 
not involved in resistance mechanisms mediated by systemic induced resistance. In 
addition, application of the resistance inducer 2,6-dichloro-isonicotinic acid did not ele­
vate the level of endogenous jasmonic acid or methyl jasmonate acid in barley and wheat. 

4.2. DEFENSE GENE ACTIVATION 

The role of gene activation and changes in protein synthesis are poorly understood 
for most models of induced resistance (See chapter by Stermer). Changes in the activity 
of genes in barley with induced resistance against powdery mildew are indicated by a 
reduced methylation of the genomic DNA after the application of trigonelline, 
isonicotinic acid methyl ester and a purified inducer fraction of the metabolites produced 
by a Bacillus subtilis isolate (Kraska and SchOnbeck, 1993). A reduced level of DNA 
methylation is in general correlated with higher gene activity. The first changes occurred 
1 day after application of isonicotinic acid methyl ester and 2 days after application of 
trigonelline and the bacterial metabolites. In time course experiments, the total genomic 
DNA methylation could be reduced by 5.1 % for isonicotinic acid methyl ester, 4.5% for 
trigonelline and 3.6% for the microbial metabolites. These results are in accordance with 
observed decreases in infection densities after induced resistance for different time 
intervals. It is possible that the resistance inducer affected the chromatin structure by 
reducing the level of DNA methylation. However, from these experiments it is not clear 
which genes could be affected by the inducer and whether they are directly involved in 
defense mechanisms. However, the experiments support the idea that resistance reactions 
in plants can be altered by a modifying chromatin structure and gene regulation. 

Biochemical analysis have suggested that peroxidases, chitinases (Irving and Kuc, 
1990) and B-l,3-glucanases (Fischer et ai, 1988) are involved in the mechanisms of 
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induced resistance of dicotyledonous plants against perthotrophic fungi. This was 
confirmed by fIrst molecular investigations of protein synthesis in induced resistant 
plants. In wheat, a m-RNA which was present in higher a concentration after inoculation 
with an nonpathogenic organism was cloned and the sequence was analyzed. It was the 
m-RNA of a peroxidase (Schweizer et ai, 1989). Also in barley, m-RNA synthesis was 
induced after preinoculation but this message could not be attached to known genes or 
enzymes (Gregersen et aI1990). In wheat, Rebmann et al (1991) were able to identify, 
after induction of local resistance by preinoculation with Erysiphe graminis f. sp. hordei, 
an induced cDNA-clone encoding for a thaumatin-like protein. These investigations 
represent the fIrst steps in research on isolation and activation of genes in 
monocotyledonous plants after induction of resistance against fungal pathogens. 

4.3. PLANT DEFENSE RESPONSES 

Morphological changes in the host plants have not been found during the interval 
between induction of resistance and challenge inoculation. Only after inoculation, are 
enhanced cytoplasmic aggregations, papillae formation and lignification (Asada and 
Matsumoto, 1987; Ride and Barber, 1987) visible signs of increased resistance. 
Ultrastructural studies suggest that induced resistance in monocots and dicots is 
associated with a reduction of pathogen penetration into the plant and rapid formation of 
larger papillae (Sahashi and Shishiyama 1986; Ebrahim-Nesbat et ai, 1983). As shown 
with barley cultivars, however, enhanced papilla formation was not the only cause for 
the reduced infection density. Depending on the genotype of the plant, it was observed 
that the number of successful penetration sites was diminished without cell wall 
modifications after the induction of resistance with metabolites of Bacillus subtilis. The 
reduction in disease severity was also not correlated with a higher occurrence of 
hypersensitive reactions of the plant cells before or after haustoria development (Steiner 
1989). 

Yokoyama et al (1991) extracted a so- called papilla-regulating extract from healthy 
barley leaves which induced resistance against powdery mildew in barley and wheat after 
application to coleoptiles. This induced resistance was correlated with the formation of 
oversized papillae which accumulated autofluorescing metabolites. 

Although increased activities of chitinases and glucanases are often correlated with 
systemic induced resistance in dicots (Roby et ai, 1988; Binder et ai, 1989; Tuzun et ai, 
1989; Metraux et ai, 1991; Pan et ai, 1992), these correlations could not be shown 
clearly for monocots. Smith and Metraux (1991) induced systemic resistance in rice 
against Pyricularia oryzea by preinoculation with Pseudomonas syringae, but found no 
correlation between enhanced resistance and increased activity of these enzymes. 

Enhanced formation of phytoalexins and the activation of enzymes of the 
phenylpropanoid pathway (PAL, TAL, catechol-methyltransferase) was found in 
Oryzemate-treated susceptible rice plants after infection with Pyricularia oryzae 
indicating that plant defense mechanisms were activated (Sekizava and Watanabe, 1981). 
More evidence that the phenylpropanoid pathway is involved in induced resistance in rice 
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against Pyricularia oryzae was given by Ouyang et al (1987). They measured increasing 
activities of the phenylalanine ammonia-lyase and p-coumarate:CoA ligase. 

New reports on the induction of local resistance in wheat and barley induced by 
preinoculation with the nonpathogens Erysiphe graminis f. sp. tritici or Erysiphe graminis 
f. sp. hordei described the sequences of peroxidases coding cDNA-clones (Schweizer et 
ai, 1989; Thordal-Christensen et. al., 1992). Their possible function for an enhanced 
formation of papillae is yet unclear. 

Treatment of wounded wheat leaves with chitin or non-pathogenic isolates of Botrytis 
cinerea caused rapid lignification and protected the leaves against subsequent infection 
by either Fusarium graminearum or Penicillium oxalicum (Ride and Barber 1987). The 
degree of protection correlated with the lignin-inducing capacities of the pretreatments, 
but their was no significant protection against subsequent challenge by the appressoria­
forming pathogens Pyricularia oryzae or Erysiphe graminis f. sp. tritici. These results 
support the proposal that lignification can be involved in induced resistance of monocots 
only towards certain fungi (Vance and Sherwood 1977). 

In monocots, with resistance induced against biotrophic fungi by the metabolites of 
a Bacillus subtilis isolate, the enhancement of enzyme activities involved in secondary 
metabolism like peroxidases, phenylalanine ammonialyases (PAL), and 
polyphenoloxidases (PPO) , the synthesis of lignin and soluble phenols, and the 
production of chitinases and 6-1,3-glucanases do not appear to have any key function. 
Time course studies showed that the application of inducers enhanced the peroxidase 
activity in the treated wheat and barley leaves but not in the systemically protected upper 
plant parts (Steiner, unpublished) 

4.4. IMPAIRED NUTRITION AS RESISTANCE FACTOR AGAINST BIOTROPHIC 
FUNGI 

Induction of resistance by the microbial metabolites of B. subtilis against the 
biotrophic fungi neither affect conidial germination nor the formation of appressoria on 
the leaf surfaces as proven with rust and powdery mildew on wheat and barley (Stenzel 
et ai, 1985; Steiner, 1989). Fungal development became affected at the time of contact 
with the host cells. The formation of primary haustoria was reduced by about 50 %, and 
this correlated with the lower number of colonies which subsequently developed on the 
protected leaves (Table 1). The colonies of Erysiphe graminis, on barley as well as on 
wheat, were smaller and developed less mycelium than the colonies on untreated plants. 
Fewer conidiophores per unit area of colony and fewer conidia per conidiophore were 
produced, and this resulted in drastically reduced sporulation rates of the fungus. 
Additionally, the infectivity of the conidia as well as of ascospores was reduced up to 
30% compared to those formed on untreated plants (Steiner, 1989, Dehne et ai, 1984) 
indicating an impaired nutrition of the fungi. From these observations it appears that if 
once the parasitic relationship is in disorder the subsequent stages of pathogen 
development were also affected by induced resistance. 
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The impaired growth and sporulation of powdery mildew colonies on induced 
resistant plants not only depends upon the reduced number of secondary haustoria, but 
also on reduced efficiency of these fungal structures (Table 2). The fewer haustoria in 
induced resistant barley remained smaller (but without any signs of malformation). 
Therefore, the surface for nutrient uptake was reduced. The specific efficiency of these 
haustoria, quantified by the formation of secondary mycelium per um2 haustorial surface, 
was diminished. This indicated that the haustoria had an impaired ability for nutrient 
uptake. 

The ultrastructure of the haustoria in the induced plants was not altered, but the 
reduced haustorial efficiency was associated with an enlargement of the extrahaustorial 
matrix (Stenzel et ai, 1985). This matrix is probably the cause of the impaired nutrient 
flow into the haustoria. More frequently, the extrahaustorial membranes were invaginated 
into the extrahaustorial matrix and appeared as single tubes and branched clusters of 
vesicles. This indicated that secretory processes of the plant were participating in the 

Table 1. Effect of resistance induced by metabolites of Bacillus subtilis on the different 
developmental stages of colonies of Erysiphe graminis f.sp. hordei on winter barley 
(Steiner 1989, modified). 

Fungal structures Untreated Plants 

Primary haustoria! 
Colony number/leaf 
Colony size (mm2) 

Haustoria number 
per colony 

per mm2 

Conidiophores/mm2 

Conidia/conidiophore 
Conidia volume (Jl.m3) 

46 
27 

6.3 

1443 
229 

79 
2.8 

3671 

!per 100 germinated conidia 

Treated Plants % Change 

25* 
14* 

4.1 * 

767* 
187* 
49* 

1.7* 
2898* 

-46 
-48 
-35 

-47 
-18 
-38 
-40 
-21 

*significantly different from control (p=0.05) 
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Table 2. Effect of resistance induced by metabolites of Bacillus subtilis on the efficiency 
of haustoria of Erysiphe graminis f.sp. hordei in winter barley (Steiner, 1989, 
modified) 

Fungal Structures Untreated plants Treated plants % Change 

/lm2 haustorial surface 5918 5351 -11 

nm mycelium/ 
/lm2 haustorial surface 506 360* -29 

10-4 conidial 
/lm2 haustorial surface 2.2 1.3* -41 

*Significantly different from untreated control 

resistance by increasing the matrix. Additionally, in the plant cytoplasm, osmiophilic 
material accumulated at the extrahaustorial membrane. Such structural changes could 
inhibit transport processes at the haustorial membrane (Figure 2). The enlargement 
of the extrahaustorial matrix as well as the accumulation of osmiophilic material seems 
to be an indicator for the altered compatibility between host cell and biotrophic fungi. 
Differences in the composition of the extrahaustorial membrane during haustoria 
development were found with fluorescent dyes showing alterations in the pattern and 
amount of protein-, ion- and Ca+2 -binding sites. However, as in susceptible plants, the 
extrahaustorial membrane of the haustoria possessed no ATPases activity. The local 
disturbance in the physiology of the membrane may lead to an altered permeability, 
which caused a reduced nutrient supply of the fungus and subsequently the poorer 
pathogen development. 

The impaired nutrition of fungi on induced plants was reflected by an altered 
carbohydrate supply. The extent starch accumulation under young powdery mildew 
colonies on induced resistant plants was smaller compared to colonies on susceptible 
plants. This correlated with the lower number of haustoria and the smaller size of green 
islands, which represent areas of high sink activity, that eventually formed. Additionally, 
the haustoria in induced resistant plants showed, at the end of the photoperiod, a reduced 
glycogen content compared to that in susceptible plants (Steiner, 1989). Besides an 
altered permeability of the extrahaustorial membrane, the lower sink activity induced by 
the developing colonies (indicated by smaller green islands) could account for a lower 
content of storage carbohydrates. 
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Figure 2. Effect of resistance inducing metabolites on the structure of the extrahaustorial 
membrane of secondary haustoria of Erysiphe graminis in winter barley 7 days after 
inoculation. A). Untreated plants; B). induced plants. Note osmiophilic deposits. 
(em=extrahaustorial membrane; t=tonoplast; mat=extrahaustorial matrix; v=vacuole). 

Reduced nutrient supply and reduced haustorial efficiency are considered to be related 
to partial resistance (Carver et ai, 1978). This type of resistance also leads to restricted 
colony development of obligate biotrophic fungi. Because of the physiological and 
cytological similarities of induced resistance to the partial resistance, induced resistance 
may possibly activate or enhance mechanisms occurring in partial resistance . The 
potential for the resistance mechanisms are obviously present in susceptible plants. The 
mode of action of induced resistance, resulting in an impairment of fungal nutrition by 
reduced haustorial efficiency, may explain the limitation of this type of resistance to ob­
ligate biotrophic fungi . 

5. Applicability to disease control 

Although induced resistance offers a significant potential for the control of plant 
diseases, it currently plays only a minor role in practical disease control. One reason is 
the very limited number of investigations under practical conditions to determine the 
efficacy and stability of induced resistance under natural infection pressure. Induced 
resistance will have to be brought from the laboratory to the field and greenhouse. Under 
those conditions, induced resistance will have to be proven to be efficient and reliable 
This is especially true with monocots because of their importance in food production. 

According to Kuc (1987), a major problem encountered with the use of induced 
resistance for the control of plant disease in the field is not its effectiveness but rather 
the economics of the application technology and the delivery of the immunizing agent. 
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In spring barley, Pelcz (1989) induced resistance in the field with an avirulent race of 
Erysiphe graminis to subsequent challenge by virulent races in the natural population of 
E. graminis. However, restricted foliar inoculation with avirulent or virulent pathogens 
or injecting inoculum into stems (as is successfully done in tobacco, (Tuzun and Kuc, 
1989) are clearly not practical means of inducing resistance in major crops with high 
numbers of individual plants. The preparation and costs of inoculum as well as the risks 
of its delivery makes induced resistance practiced this way noncompetitive with current 
pesticides. Furthermore, knowledge about interactions between the preinoculum and other 
pathogens and pests is not sufficient at present. For example, some investigations have 
shown an induced susceptibility against avirulent pathogens by prior inoculations with 
virulent pathogens (Ouchi et ai,1974; Kunoh et ai,1985; Wainwright et ai, 1986). 
Preinoculations to induce resistance are economically worthwhile only in long lasting and 
valuable cultures. A more practical way for the use of induced resistance is the 
application of abiotic resistance inducers which can be applied like conventional 
pesticides with existing equipment. 

5.1. EFFECTS ON DISEASE SEVERITY 

Induced resistance caused by prior infections could have practical importance in 
agriculture growing polycultures of cereals or mixtures of cultivars (Stolen et aI, 1981; 
Ibenthal et aI, 1985). The induced resistance could be assumed to be one factor for the 
reduction of disease incidence especially with powdery mildew under these conditions. 
As reported by Villich-Meller und Weltzien (1989) a 50% reduction in incidence of 
powdery mildew and Drechsiera avenae occurred in field investigations with mixtures 
of spring barley and oat. 

In monocots, induction of resistance by applying microbial metabolites of a Bacillus 
subtilis isolate as inducers have been demonstrated under field conditions by SchOnbeck 
and coworkers. Repeated treatments of winter wheat with the microbial inducers reduced 
disease severity comparable to the treatments with highly effective systemic fungicides 
(SchOnbeck et aI, 1982; Dehne et aI, 1984). The effectiveness of induced resistance 
increased with increasing size of treated areas. This is due to the influence of induced 
resistance to epidemiological important parameters like colony size and especially 
sporulation. The reduction in sporulation of Erysiphe graminis on wheat by about 96% 
per leaf represents a pronounced restriction on the development of the mildew epidemic 
(Table 3). Similar reduction in disease was obtained against powdery mildew on winter 
and summer barley (Steiner et aI, 1988; Oerke et aI, 1989). The extent of 
protection by induced resistant was dependent on the host cultivar, but was not clearly 
correlated with the presence of known resistance genes. Wang and Heitefufi (1982) 
observed that cultivars expressing adult plant resistance may be more suitable for 
induced resistance as a type of plant protection. Extreme high nitrogen fertilization 
supply, which increased the susceptibility of the plants, diminished the efficacy of the 
protection by induced resistance. 
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Table 3. Effect of resistance induced by Bacillus subtilis metabolites on the sporulation 
of Erysiphe graminis f.sp. tritici on flag leaves of winter wheat 'Caribo' under field 
conditions (n=50, EC) (Stenzl 1985. modified). 

Sporulation untreated plants treated plants % change 

(Conidia/day) X 3493 870* -75 
colony 

(Conidia/day) X 1027 458* -56 
mm2 colony area 

(Conidia/day) X 150,480 6320* -96 
leaf 

*Significantly different from untreated controls (p < 0.05) 

5.2. EFFECTS ON YIELD RESPONSE 

Induced resistance can only be of interest for practical plant protection if the plants 
yield response is not influenced negatively due to additional energy consumption of the 
resistance reactions. Induced resistant plants should have the similar yield as pesticide­
treated ones. Very little information has been generated on the effects of induced 
resistance on yield capacity of induced plants. 

The risk of plant damage or yield reduction caused by pathogen development after 
preinoculation with low-virulent strains can be avoided by the use of abiotic inducers. 
Disease-yield loss relationship were determined for induction of resistance by B. subtilis 
metabolites in winter wheat and in winter and spring barley (Dehne et ai, 1984; Steiner 
et al,1988; Oerke et al,1989). 

The effect of the induced resistance on grain yield was examined with winter barley 
cultivars differing in disease susceptibility and productiveness. Compared to fungicide 
treatments, the degree of disease reduction was lower in all varieties with induced 
resistance. Although the induced resistance did not completely prevent development of 
powdery mildew, the yield enhancement of two cultivars exceeded that of the fungicide 
treatments (Table 4). The yield efficiency of the induced resistant barley plants was 
independent of the nitrogen fertilization level under the conditions of the test. However, 
in comparison to fungicide-treated plants, higher yields occurred mainly at low 
fertilization (Table 5). 
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The treatment with the resistance inducers altered host susceptibility as well as 
influenced the yield. The increase in number of kernels per ear of barley could be 
accounted for by the level of disease reduction during early plant development. The high 
increase of thousand kernel weight can not only be explained by a an increased 
assimilation rate of the upper leaves. This could be based on an increase in 
ribulose-l,5-bisphosphate-carboxylase content or activity and a delay in senescence 
(Falkhof 1988; Steiner 1989), However, the increase appeared to be caused by an 
influence on sink and source relationships in the plant which led to a more efficient in­
corporation of assimilates into kernels in induced resistant plants. The carbohydrate 
content of kernels of induced resistant barley was also increased in comparison to kernels 
of untreated or fungicide treated plants. The induced resistant barley plants, radiolabelled 
with 14COZ' showed an unimpaired translocation of assimilates from the flag leaf into the 
ear in comparison to noninfected barley (KeWenbeck et ai, 1993). Similar results were 
reported by Kern (1985) with a barley cultivar expressing plant adult resistance. In this 
report, the infection with powdery mildew resulted in fairly strong fungal development, 
but this had only a slight effect on translocation of assimilates. 

Table 4. Effect of fungicide applications and resistance induced by metabolites 
of Bacillus subtilis on the yield and disease severity of different winter barley 
cultivars (dt/ha: n=4)(Steiner et ai., 1988, modified). 

Cultivar 
treatment 

Yield 
(dt/ha) 

58 

Powdery mildew 
EC 691 

14.2 
'Birgit' 

untreated 
fungicideZ 

inducer4 

67 (16%)3 0.9 

'Mammut' 
untreated 
fungicide 
inducer 

73 (26%) 

68 
76 (12%) 
82 (21 %) 

0.4 

28.6 
0.3 
4.5 

1 Median value from the sporulating area of the colonies on the flag 
first leaves at the end of flowering. 

Z Bayfidan®, 0.5 lIha. 
3 % increase over control. 
4 B. subtilis metabolites. 
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The induction of resistance by microbial metabolites seems to stimulate the ability of 
the plants to compensate the damaging effects of pathogens on plant metabolism. This 
leads to a prolonged maintenance of assimilation rates. Induced resistant barley tolerated 
higher infection densities, suggesting that for induced resistant plants, disease-yield loss 
models have validity. Besides the effect on disease severity, the influence on yield may 
result from reduced damage caused by the pathogen. 

Similar results were recorded by Newton et al (1993) using elicitor active extracts 
derived from yeast cell walls as resistance inducer in barley against powdery mildew. In 
field trials, the plants sprayed with yeast extracts had crops of approximately the same 
yield and quality as those treated with fungicide even though the plants treated with yeast 
extract had more disease. The efficacy of induced resistance was significantly effected 
by the formulation of the inducers. The best results were obtained when the extracts were 
used as prophylactic sprays or in co~unction with reduced fungicide inputs. 

Practical experience with combining resistance inducers and fungicide applications 
for the integration of induced resistance into established programs of plant protection is 
lacking. Preliminary investigations in winter wheat have shown that the resistance 

Table 5. Effect of fungicide treatment .and resistance inducing metabolites of 
Bacillus subtilis on the yield and disease severity of spring barley 'Carina' at 
different nitrogen fertilization intensities (dt/ha: n=4) (Oerke et al., 1989; 
modified). 

Fertilization 
treatment 

90 kg N/ha 
untreated 
fungicide2 

inducer (4X)4 

120 kg N/ha 
untreated 
fungicide 
inducer (4X) 

Yield 
(dt/ha) 

57 
61 (7%) 
65 (14%) 

56 
63 (13%) 
61 (9%) 

Powdery mildew 
EC 69' 

27.2 
1.1 
7.7 

49.2 
3.2 

26.2 

, Median value from the sporulating area of the colonies on the flag and first 
leaves at the end of flowering. 
2 Bayfidan~, 0.5 I/ha 
3 % increase over untreated control. 
4 B. subtilis metabolites. 
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inducing metabolites of Bacillus subtilis are effective against biotrophic fungi and 
successfully replaced fungicide applications. However, yield losses caused by soilborne 
pathogens and Septoria nodorum were controlled efficiently only with fungicides (Table 
6). 

The practical usefulness of induced resistance by abiotic inducers against virus 
diseases, which are more difficult to control than fungi, has also been shown in cereal 
crop production. Treatments of various barley cultivars in the field with culture filtrates 
of Stachybotrys chartarum and B. subtilis before inoculation with brome mosaic virus 
reduced both symptoms and virus content. The yield of infected, induced resistant barley 
plants approached that of healthy plants (Maiss 1987). 

The acceptance for a new procedure in plant protection can be low if the plants are 
not completely disease-free. However, it has been shown that in spite of some disease 
on induced resistant plants, the economic threshold was not reached because of the 
altered disease-yield-loss relationships of these plants. Yield losses, as a result of 
increased energy costs because of resistance reactions, were not observed under field 
conditions (ThordalChristensen et a/,1987). 

Table 6. Effect of combined fungicide applications and resistance-inducing 
metabolites of Bacillus subtilis on grain yield of winter wheat 'Kranzler' 
(g/lOoo grains: n= 10; dtlha: n=4) (Steiner and SchOnbeck, unpublished). 

Treatment 

Untreated 
Inducer 
Sportack®, Inducer 
Sportack®, Inducer, 

g/ 1 000 grains 

39.1 
44.5 
44.8 

Dyrene® 
Sportack®, Bayfidan®, 

Dyrene® 

48.0 

50.4 

Applications : 
Inducer 
Sportack® 
Bayfidan® 
Dyrene® 

1.511ha 
0.511ha 
411ha 

EC 31, 35, 53, 61 
EC 31 
EC 39, 61 
EC 65 

yield 
(dt/ha) 

59.4 
68.4 (15%)1 
72.8 (23%) 

75.9 (28%) 

76.8 (29%) 

Pathogens 
Erysiphe graminis 
Puccinia recondita 
Puccinia striiformis 
Septoria nodorum 
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6. Outlook for the future 

The patenting of nicotinic acid derivatives as the ftrst synthetic resistance-inducing 
substance for plant protection (Kunz et aI, 1988) has drawn attention to the industrial 
research on such agents and has initiated extended screening procedures in several 
companies. Today, 2,6-dichloroisonicotinic acid and its methylester which is used 
intensively in research, belongs to the first generation of such agents. During the next 
years the spectrum of resistance-inducing substances for different applications will surely 
increase through intensified research efforts. 

In comparison with pesticides with a toxic mode of action, the screening for 
resistance-inducing agents demands new and more selective testing systems. It is 
necessary, for example, to discriminate between susceptibility altering substances which 
act on the basis of sublethal herbicidal effects from true resistance inducers (Rathmell 
1984). In addition, the active chemicals must also be considered in relation to 
epidemiological effects and yield response of the plants. 

In the near future, molecular biological techniques will play an important role in 
research on the basic mechanisms of induced resistance. Great progress would be made 
by the identification of the plant'S own signal substances which mediate systemic 
resistance or sensitize the plants to react rapidly when challenged by pathogens. Perhaps 
this substances could be used directly as spray or seed dressing for protection of the 
plants. Research on the regulation and activation of resistance genes after induction of 
resistance will be certainly of interest. Artificial gene constructs of such resistance genes 
with suitable promoters could be used in transgenic plants in which stable and effective 
resistance can be induced in the fteld by application of inducers or signal substances. 

Some properties of the use of induced resistance in plant protection seem to provide 
some advantages when compared to the use of pesticides or breeding for resistance. The 
major advantage from our current perspective is that induction of resistance appears to 
activate multiple and complex mechanisms in the plants and therefore presents a durable 
type of control measure. 

It is of decisive importance for the introduction of induced resistance into the practice 
of plant protection to demonstrate the ability of integration of such a biological procedure 
into established programs for production and plant protection. The critical factors for the 
establishment will be efftcacy and stability of protection. Therefore, resistance inducers 
must be found which fulftll the criteria for practical use. This includes the application of 
inducing ag 
ents by existing equipment, a formulation of the inducers that ensures optimal 
performance, persistence and a long shelf life under normal conditions, and compatibility 
with common pesticides and fertilizers. Because the plant is substantially involved in 
plant protection by induced resistance, further knowledge is also needed on its efficacy 
under different climatic and environmental conditions, and the influence of genotype, age 
and on nutritional status of the plant. The users (farmer, growers etc.) must also be 
acquainted with the new modes of action of an induced resistance-based control strategy. 
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Induced resistance opens the possibility to activate latent resistance mechanisms in 
already existing high-yielding, high-quality varieties of crops which otherwise are highly 
susceptible. The broad spectrum of plants in which resistance has been induced 
successfully supports the hypothesis that plants are provided with the appropriate genetic 
background for defense. The most interesting applications would be the use of resistance 
inducers against viruses for which pesticides are not available or against diseases which 
can be controlled with difficulty such as those caused by bacteria and soilborne diseases. 
Plant health can be obtained not only by direct control of pests and disease but also by 
influencing the plant's own resistance potential. There is a need for less pest orientated 
thinking and more on enhancing the plant's ability to protect itself. 

The examples mentioned in the article have pointed to the many possibilities for the 
use induced resistance in controlling cereal diseases. In plant protection, the use of 
induced resistance appears to be realistic as a supplement to conventional methods, thus 
increasing the spectrum of technologies useful for disease management. This type of 
biological control can add to sustainable agriculture by widening the choice of agents 
available and by filling niches for which chemicals are not available. Through better 
understanding of mechanisms of induced resistance, a new promising technology for plant 
protection can be developed. 
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1. Introduction 

Following the report of Ross (1961) describing the induction of systemic resistance in the 
virus-free leaves of tobacco plants reacting hypersensitively to tobacco mosaic virus 
(TMV), interest in the biochemistry and molecular biology of the phenomenon has been 
growing. Systemic induced resistance appears to be the result of several mechanisms 
which together are effective against a wide range of fungi, bacteria and viruses. This 
inducible resistance is exhibited by a variety of plant species. Many of the efforts to 
understand the components forming the basis of this phenomenon have focussed on the 
known and cryptic plant proteins demonstrating enhanced levels during the induction of 
resistance. These studies have benefited greatly from the development of molecular 
cloning techniques and plant transformation systems. In less than a decade considerable 
progress has been made in our understanding of the proteins associated with induced 
resistance and of the genes which encode them. Judging by the growing number of 
papers, this area is now receiving considerable attention from researchers interested not 
only in the control of plant disease but also in the opportunities the system provides for 
the study of plant gene expression. The purpose of this chapter is to outline research on 
the molecular aspects of systemic induced resistance, including the regulation of 
systemically expressed genes, and to point out what we know and still need to know 
about the molecular basis of induced resistance. 
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2. Systemic Changes Associated with Induced Resistance 

2.1 PEROXIDASES 

Early studies reported a systemic increase in peroxidase activity in tobacco plants with 
localized TMV infection (Simons and Ross, 1970; van Loon, 1976). Further 
investigation of changes in the enzymes of phenylpropanoid and oxidative metabolism 
found little difference between the uninfected tissues of infected or uninfected tobacco 
plants, although the activity of a number of enzymes of respiratory and phenolic 
metabolism did increase earlier and to a greater extent after challenge inoculation in 
leaves expressing induced resistance (Simons and Ross 1971a, 1971b; van Loon 1982). 
In cucumber plants the induction of systemic induced resistance by localized 
Colletotrichum lagenarium infections is also associated with enhanced peroxidase activity 
(Hammerschmidt et al. 1982). Similarly, induction of resistance by heat shock 
treatments revealed a tight correlation between peroxidase activity in cucumber and the 
level of resistance in the plant (Stermer and Hammerschmidt 1984). The enhanced 
peroxidases are acidic, extracellular and most probably localized in the cell wall (Smith 
and Hammerschmidt 1988). Peroxidases have several functions which could have an 
effect on the resistance of a plant. One is the oxidative polymerization of 
hydroxycinnamyl alcohols to form lignin, a process that is a commonly reported defense 
mechanism in plants (Vance et al. 1980), and has been proposed as a mechanism for 
induced systemic resistance in cucumber (Hammerschmidt and Kuc, 1982). Another 
possible role for peroxidase is the oxidative cross-linking of pre-existing 
hydroxyproline-rich structural proteins in the cell wall, making the cell wall more 
resistant to degradation by microbial enzymes (Bradley et al. 1992; Stermer and 
Hammerschmidt 1987). Also, peroxidases are implicated in an oxidative defense 
mechanism in elicitor treated (Apostol et al., 1989) and infected (Lizzi and Coulomb 
1991) plants, and peroxidase-generated hydrogen peroxide may function directly as an 
antimicrobial agent (Peng and Kuc, 1992). Although peroxidase activity is induced 
systemically in tobacco and cucumber by diverse types of pathogens it may not be an 
equally important factor in the resistance to every class of pathogens. Evidence suggests 
that enhanced peroxidase activity may not be directly involved in resistance of tobacco 
to TMV (Ye et al. 1990) or to the bacterium Pseudomonas solanacearum (Nadolny and 
Sequiera 1980). This observation supports the notion that systemic induced resistance 
consists of several mechanisms. 

2.2 PATHOGENESIS-RELATED PROTEINS 

In 1970 two independent groups reported that the synthesis of several proteins was 
induced in tobacco plants exhibiting a hypersensitive response to TMV (Gianinazzi et 
al. 1970; van Loon and van Kamman 1970). As more proteins were identified the name 
pathogenesis-related (PR) proteins was proposed (Antoniew 1980). These proteins 
accumulate in the uninfected as well as the infected tissues of inoculated plants (Metraux 
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et al. 1988; Tuzun et al. 1989). Although most studies have concentrated on tobacco, 
PR-proteins are known to occur in a wide range of species, including both monocots and 
dicots (Redolfi 1983; White et al. 1987). They were initially distinguished as acidic 
host-encoded proteins, resistant to proteases and secreted by plant cells into the 
extracellular spaces (Antoniw and White 1983; Bol 1988; Rigden and Coutts 1988). 
However, basic forms of PR-proteins have also been identified recently which accumulate 
in the vacoule of the plant (Bol et al. 1990). The best characterized PR proteins from 
TMV-infected tobacco are placed into five groups based on size, amino acid composition 
and serological cross-reactivity (Kauffmann et al. 1990; van Loon et al. 1987). Only 
in the past few years has it been possible to assign a biological function to any of the PR 
proteins. In 1987, Legrand and coworkers identified two PR proteins in tobacco as 
endochitinases (PR-2 group) and found two other serologically related basic isoforms of 
endochitinase in tobacco (Legrand et al. 1987). Proteins from the PR-3 group were 
found to have fi-1,3-glucanase activity (Kauffman et al. 1987). Soon after, it was 
reported that several of the PR proteins in potato are chitinases and fi-1,3-glucanases 
(Kombrink et al. 1988). Members of the PR-5 group of tobacco proteins are highly 
similar to thaumatin, an extremely sweet protein from a West African monocot, and are 
referred to as thaumatin-like proteins (Cornellissen et al. 1986a). A possible activity 
for these proteins is suggested by their homology to a maize bifunctional 
proteinase/amylase inhibitor, although the inhibitor function of tobacco thaumatin-like 
proteins has not been demonstrated (Richardson et al. 1987). Osmotin, a basically 
charged member of the PR-5 group accumulates in the vacuole of tobacco cells subjected 
to high salt stress (Singh et al. 1989). One form, osmotin II, was purified from 
TMV -infected tobacco during a search for anti-Phytophthora proteins; this 24 kD protein, 
referred to as AP24, and a similar one from tomato were potent inhibitors of the fungus 
(Woloshuk et al. 1991). The function of the PR-1 and PR-4 groups of proteins is 
unknown. The reader is referred to excellent reviews for a more detailed discussion on 
tobacco PR proteins (Bol et al. 1990, Rigden and Coutts 1988, Ryals et al. 1992, van 
Loon 1985). 

Compared to tobacco, relatively little is known about the systemically induced PR 
proteins of other plants. Tomato plants infected by Phytophthora infestans accumulate 
eleven acid soluble intercellular proteins, two of which (P14 and P70) also accumulate 
in the uninfected leaves (Christ and M6singer 1989). Another study of tomato reported 
an approximate two-fold increase in the chitinase, glucanase, peroxidase and protease 
activities of the upper leaves after infection of the lower leaves with P. infestans (Binder 
et al. 1989). In both cases the systemic increases in proteins were paralleled by a 
systemic induction of resistance to the fungus. Cucumber plants expressing induced 
resistance have systemically enhanced levels of peroxidase, chitinase and glucanase, of 
which the chitinase has been the best characterized (Binder et al. 1989, Metraux et al. 
1989). Potato also exhibits distal accumulation of chitinase and glucanase, which 
corresponded to increases in the mRNA encoding these two enzymes; however, this gene 
activation was reported only within the infected leaf (Hahlbrock et al. 1989). Recently, 
resistance in rice against Pyricularia oryzae, which can be induced by chemical treatment 
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or Pseudomonas syringae pv. syringae infiltration, has been associated with the systemic 
expression of genes (Reimmann et al. 1991). However, the activities of phenylalanine 
ammonia-lyase, coniferyl alcohol dehydrogenase, peroxidase, B-l,3-glucanase and 
chitinase were not systemically induced, suggesting that rice may utilize a different 
spectrum of mechanisms to achieve systemic induced resistance (Smith and Metraux 
1991). 

Chitinases and B-1 ,3-glucanases may be involved in the defense of plants against fungi 
and bacteria by their action on the cell walls of invading pathogens (Boller 1985). 
Chitinase hydrolyzes the B-l,4-N-acetylglucosamine linkages of chitin, a polymer that is 
a major component of the cell wall of most classes of fungi, except for the Oomycetes. 
In addition, the peptidoglycan polymer of bacterial cell walls is also cleaved by most of 
the chitinases that have been tested for this activity (Boller 1988). The B-l,3-glucanases 
hydrolyze B-1 ,3-glucan polymers, another major component of fungal cell walls. This 
enzyme acts synergistically with chitinase to attack the growth of hypal tips. Purified 
chitinase and B-1, 3-glucananse used against 18 different species of fungi in vitro were 
found to be more inhibitory together that was either enzyme alone (Mauch et al. 1988). 
Another defense-related function of these two hydro lases may be to release elicitor active 
molecules from the surface of pathogens and thereby increase the speed and magnitude 
of a defense response (Hadwiger and Beckman 1980, Keen and Yoshikawa 1983). 
Although the contribution of chitinase and B-1, 3-glucanase to systemic induced resistance 
is unknown, they clearly have antifungal and antibacterial potential. 

2.3 PHENOLIC COMPOUNDS 

Small molecules have been implicated in systemic induced resistance, although their role 
appears to be more important for signal transduction than for directly inhibiting 
pathogens. The best studied is salicylic acid (SA), a compound derived from cinnamic 
acid. The levels of SA increase several fold in the upper uninfected leaves of 
TMV-infected tobacco (Malamy etal. 1990). Similar systemic increases were observed 
in cucumber with localized infection by fungal, bacterial or viral pathogens (Metraux 
et al. 1990, Rasmussen et al. 1991). Exogenous application of SA increases the 
resistance of several plants, including cucumber and tobacco, to many types of 
pathogens, strengthening speculation that SA is the primary signal for induced resistance 
(Enyedi et al. 1992). Nevertheless, this remains to be established as some evidence 
suggests that although SA may have a role as an endogenous inducer of resistance, it is 
not the systemic signal of induced resistance (Rasmussen et al. 1991). 

Systemic changes in the level of other phenolic compounds have been examined by 
Simons and Ross (1971). They measured the levels of orthodihydroxyphenols, 
chlorogenic acid and total phenolic compounds in the upper leaves of tobacco following 
inoculation of the lower leaves with a local lesion strain of TMV. The induction of 
systemic resistance was not accompanied by changes in the concentrations of these 
compounds, except for an earlier and greater decrease in their levels in resistant upper 
leaves after challenge inoculation. 
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2.4 LIPIDS 

Little is known about the possible systemic changes in the spectrum or concentrations of 
lipids in plants expressing induced resistance to disease. A study by Adam et al. (1990) 
examined the membranes of tobacco leaves that were systemically resistant and found no 
significant changes in their resistance to fusaric acid-induced electrolyte leakage, nor did 
they find any significant difference in the sterol, phospholipid or fatty acid composition 
of the membranes. In contrast, many changes in membrane lipids are known to occur 
in plants at the site of infection. For example, infection of cucumber leaves with 
Sphaerotheca juliginea results in almost a three-fold increase in the synthesis of sterols 
(Losel 1991). In tobacco tissues expressing a hypersensitive response to TMV, an 
increase in the saturation of fatty acids contained in the microsomal phospholipids was 
observed while the linolenic acid content decreased by 9% (Ruzicska et al. 1983). 
Interestingly, the authors credited the change in fatty acid composition to a four-fold 
increase in lipoxygenase activity of the infected tobacco tissues. This enzyme has a key 
role in converting linolenic acid to jasmonic acid, producing a signal that activates the 
synthesis of proteinase inhibitors in tomato, tobacco and alfalfa (Farmer and Ryan 1992). 

2.5 CYTOKININS 

Systemic increases in the cytokinin activity of tobacco have been associated with the 
induction of resistance. At eight days after the inoculation of the lower leaves of Xanthi 
tobacco with TMV, the cytokinin activity of the upper leaves was significantly higher, 
varying from 10 to 100% above controls (Szirili et al. 1980). These researchers 
speculated that the increased cytokinin levels somehow caused the restriction of lesion 
growth; however, chromatographic separation of the extracts did not consistently link the 
cytokinin activity to any specific cytokinin standard. Possibly, the increased cytokinin 
activity observed in the systemically resistant tissue is due to increased synthesis of 
dehydrodiconiferyl alcohol glucosides (DCGs). These phenylpropanoid compounds, 
which were first described in tobacco cells, have cytokinin activity (Teutonico et al. 
1991). Accumulation of DCGs may occur in tissues with induced resistance because it 
is peroxidase that catalyzes the first of two steps, the dimerization of coniferyl alcohol, 
required to make DCGs in plants (Orr and Lynn 1992). Thus, the increase in peroxidase 
activity of systemically induced tobacco may lead to greater synthesis of the DCGs. In 
this context it may be noteworthy that elevated cytokinin levels in tobacco have been 
reported to increase the expression of defense-related genes encoding extensin, chitinase, 
PR-l and a PR-l-like protein (Memelink et al. 1987). 
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3. Genes SystemicaUy Expressed After Infection 

3.1 PEROXIDASES 

Although there have been many studies of peroxidases, these heme-containing 
glycoproteins are still poorly understood (van Huystee 1987). Most plants contain a 
number of different peroxidase isoforms. In tobacco (cv. Xanthi) at least 12 isoforms 
have been detected, and have been classified into three groups; the basic (pI = 9.3, 9.2, 
8.9,8.3), the moderately acidic (pI 6.1,5.6,5.0,4.8,4.6), and the strongly acidic (pI 
= 3.7, 3.5) (Lagrimini and Rothstein 1987). Analysis of the expression pattern of these 
different tobacco isoforms revealed that only two of the peroxidases, named P61 and P56 
after their pI, were induced by TMV infection (Lagrimini and Rothstein 1987). P61, and 
to a lesser extent P56, were also systemically induced in the uninoculated leaves of 
infected plants. However, a similar analysis using tobacco cultivar Ky14 found that two 
highly acidic, soluble isoforms, P37 and P35, were systemically induced after TMV or 
Peronospora tabacina infection (Ye et al. 1990). A summary of proteins systemically 
induced by infection is presented in Table I. Two other peroxidase isoforms that also 
increased systemically, but to a lesser degree, P88 and P68, were detected only in the 
salt extracts of cell walls from the induced leaves (Ye et al. 1990). The different results 
obtained by the two research groups indicates the difficulties in studying the role of 
peroxidase isoforms in disease resistance. The two strongly acidic peroxidase isoforms, 
P35 and P37, have been N-terminal sequenced, leading to the synthesis of a 
oligonucleotide probe that was used to select cDNA clones encoding the corresponding 
tobacco peroxidase (Lagrimini et al. 1987). A full length cDNA that matched the 
sequenced peptides encoded a preprotein containing the 302 amino acids of the mature 
peroxidase plus a 22 amino acid signal sequence and four potential N-glycosylation sites. 
Genomic analysis indicated that tobacco contains four strongly acidic peroxidase genes; 
the two copies of the P35 gene originated from N. tomentosiformis and the two copies 
of the P37 gene came from N. sylvestris (Lagrimini et al. 1987). 

A cDNA clone encoding a pathogen-induced peroxidase from rice has been reported, 
but no systemic increase in its mRNA was observed (Reimmann et al. 1992). In 
addition, a cDNA encoding a highly acidic peroxidase implicated in suberization has been 
isolated from potato tubers (Roberts et al. 1988) and tomato (Roberts and Kolattukudy 
1989). Also, two genomic clones encoding a basic and a neutral peroxidase have been 
cloned from Arabidopsis (Intrpruk et al. 1991), but their role in disease resistance in 
unknown. 

In cucurbits, at least three peroxidase isoforms are associated with induced resistance 
(Hammerschmidt et al. 1982). Cucumber, muskmelon and watermelon plants each 
contain three acidic peroxidases that increase systemically after infection and are readily 
extracted from intercellular spaces. The isoforms from the three plant species have a 
similar charge and molecular weight ( - 30 kDa) and are immunologically related (Smith 
and Hammerschmidt 1988). The cloning and preliminary analysis of a cucumber cDNA 
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encoding a 33 kD apoplastic peroxidase associated with systemic induced resistance has 
recetnly been reported (Rasmusses et al. 1994). 

3.2 PR-1 PROTEINS 

The gene family encoding the predominant pathogenesis-related proteins of Samsun NN 
tobacco, PR-1a, -lb and -lc, has been well characterized. Cornelissen et al. (1986a) 
identified cDNA clones that corresponded to mRNA for PR proteins that included a 
complete copy of PR-1 b. This mRNA contained a leader sequence of 29 nucleotides, an 
open reading frame of 504 nucleotides encoding a 30 amino acid long signal peptide and 
a 138 amino acid long mature protein, and a 3' non-coding region of 235 nucleotides. 
Comparison of the nucleotide sequences of PR-1a, -lb and -lc demonstrated that the 
genes are closely related to each other with a 90% identity in the protein coding regions 
and 80 % in the 3' untranslated regions (Pfitzner and Goodman, 1987). Although the 
PR-1 gene family probably evolved by duplication from a common ancestral gene, these 
genes do not appear to be tightly linked in tobacco (Pfitzner and Goodman, 1987). 
Southern blot analysis has shown that the tobacco genome contains at least eight genes 
for acidic PR-1 proteins and a similar number of genes encoding basic homologs that 
have a 67 % amino acid sequence identity to their acidic counterparts (Comelisson et al. 
1987). However, not all these genes are expressed; only three of the genes for the acidic 
proteins and at least one of the basic homo logs are expressed after TMV infection 
(Cornelisson et al., 1987). The PR-1 genes do not contain introns (Comelisson et al., 
1987; Pfitzner et al., 1988). 

The number of genes encoding PR-1 proteins or their homologs varies depending on 
the plant. The radish genome seems to contain only a single copy of din1 (Azumi and 
Watanabi, 1991 and tomato contains an estimated one to three genes for each of its five 
extracellular PR proteins (van Kan et al., 1992). A single copy gene encoding a PR-1 
homolog in Arabidopsis has been reported (Metzler et al., 1991). The larger gene 
family encoding PR-1 proteins in tobacco is due, at least in part, to its amphidiploid 
genome. Genetic studies with Samsun NN tobacco and its parents have shown that the 
acidic PR-1a and -lc originated from N. sylvestris and that PR-1b came from N. 
tomentosijormis (Gianinazzi and Ahl, 1983). 

3.3 CHITINASES 

Several structurally distinct chitinases are found in plants. Based on sequence 
information these enzymes can be organized into at least three classes (Shinshi et al. , 
1990). Class I chitinases are basic enzymes with an N-terminal cysteine-rich, lectin-like 
domain and a highly conserved chitinolytic domain. This class includes basic isoforms 
of tobacco (Ryals et al., 1992a), bean (Broglie et al., 1986) and Arabidopsis (Samac 
et al., 1990). Although infection or ethylene treatment may induce the activity of class 
I chitinases (Broglie et al., 1986; Samac et al., 1990), the systemic induction of these 
basic, intravacoular forms by localized infection has not been demonstrated, thus a 
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causative role in induced resistance is doubtful (Ryals et al., 1992). Class II chitinases 
have a chitinolytic domain similar to class I but are acidic proteins and lack the 
N-terminal cysteine-rich domain. This class includes the tobacco pathogenesis-related 
proteins P and Q, both of which are associated with the induction of systemic resistance 
(Hooft van Huijsduijnen et al., 1987). Class III chitinases are also acidic proteins and 
lack the cysteine-rich domain, but they have a chitinolytic domain with structural 
homologies to a bifunctional lysozyme/chitinase instead of the class I or II chitinases 
(Metraux et al. , 1989). Examples of class III include the acidic chitinases of cucumber 
(Metraux et al., 1989), tobacco (Lawton et al., 1992) and Arabidopsis (Samac et al., 
1990), of which the cucumber and tobacco enzymes are known to be systemically 
induced by infection. A chitinase which does not easily fit into this classification is bean 
PR4, an acidic protein that contains the N-terminal cysteine-rich domain of class I but 
is localized in the apoplast as are class II and III (Margis-Pinheira et al., 1991). 

Genes encoding all three classes of chitinases from tobacco have been cloned and 
sequenced. The gene for a tobacco class I chitinase contained a pre-enzyme of 329 
amino acids with a 23 amino acid N -terminal peptide not present in the mature protein 
followed by a 43 amino acid cysteine-rich domain linked to a chitinolytic domain (Shinshi 
et al., 1990). Complementary DNA clones encoding the acidic class II tobacco 
chitinases, PR-P and PR-Q, have been isolated (Hooft van Huijsduijnen et al., 1987; 
Linthorst et al., 1990b; Payne et al., 1990a). Structural analyses of these clones 
showed substantial homology between PR-P and PR-Q and basic chitinases, but no 
significant homologies with either the bacterial chitinases or acidic cucumber chitinase 
(Payne et al., 1990a). The tobacco acidic chitinase gene contains two introns (Linthorst 
et al., 1990b). Complementary DNA clones encoding acidic and basic isoforms of the 
class III chitinase have recently been isolated from tobacco. The basic and acidic 
isoforms are - 65 % identical to each other and are equally homologous to the class III 
chitinases from cucumber and Arabidopsis (Lawton et al., 1992). Both isoforms lacked 
a C-terminal extension, suggesting that the basic as well as the acidic enzymes are 
localized extracellularly. Southern blot analysis indicated that the basic and acidic class 
III tobacco chitinases are each encoded by two genes. A cDNA clone encoding the class 
III chitinases from cucumber has been isolated (Metraux et al., 1989). Genomic analysis 
indicated that a single gene encodes this enzyme in cucumber. 

The genes encoding chitinases of Arabidopsis have also been isolated and 
characterized (Samac et al., 1990). Two single copy genes were identified, one encoding 
a basic chitinase with a 73 % amino acid sequence similarity to the tobacco class I 
chitinase and another encoding an acidic chitinase with a 60 % amino acid similarity to 
the class III chitinase of cucumber. The Arabidopsis genes share little sequence 
homology (31 %) between themselves. Although systemic induced resistance does occur 
in Arabidopsis, evidence indicates that the chitinases may not be as important in systemic 
resistance of Arabidopsis as they are in tobacco or cucumber (Uknes et al., 1992). A 
high constitutive level of the basic chitinase mRNA occurs in Arabidopsis roots with 
lower levels found in leaves; the acidic chitinase mRNA was undetectable in plants 
treated with ethylene or salicylic acid (Samac et al., 1990). 
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3.4 B-l,3-GLUCANASES 

Three distinct structural classes have been proposed for the B-l,3-glucanases of tobacco 
(Payne et al. 1990). Class I contains at least three basic glucanases predominantly 
localized in the vacoule; class II consists of extracellular, acidic glucanases such as PR-2, 
PR-N and PR-O; class III contains extracellular, acidic glucanases represented by PR-Q. 
The amino acid sequences of the class II glucanase genes of tobacco are approximately 
54% identical with PR-Q and approximately 51 % identical with genes of class I 
glucanases (Ward et al., 1991). The class III PR-Q is 63% identical at the amino acid 
level to the soybean elicitor-releasing glucanase (Payne et al., 1990; Takeuchi et al., 
1990). The soybean B-1, 3-glucanase is able to release highly active elicitor molecules 
from Phytophthora megasperma f.sp. glycinea, a soybean pathogen, and thus may be a 
key host component involved in the induction of defense reactions (Keen and Yoshikawa, 
1983). The basic class I glucanases are major components of uninfected tobacco plants, 
especially the roots and lower leaves, and have received considerable study (Meins and 
Ahl, 1989; Shinshi et al., 1988; Van den Bulcke et al., 1989), but their response to 
infection is local rather than systemic (Meins and Ahl, 1989). The expression of the 
acidic class II and III glucanases, but not the basic class I glucanases, is associated with 
the systemic induction of resistance in tobacco plants (Ward et al., 1991). 

Treatment of Arabidopsis with resistance-inducing compounds or infection with 
Pseudomonas syringae pv. tomato induced expression of a gene encoding an acidic 
protein (Arabidopsis PR-2) that was 56% identical to the tobacco PR-Q glucanase, 51 % 
identical to the acidic PR-2 glucanase and 52 % identical to the basic glucanase (Uknes 
et al., 1992). Systemic expression of the glucanase genes in Arabidopsis has not been 
described. However, systemic increases in glucanase activity, which coincide with the 
induction of resistance, have been reported in tomato and cucumber plants after localized 
infection by Phytophthora injestans and Colletotrichum Iagenarium, respectively (Binder 
et al., 1989). These enzymes were not characterized at the molecular level. Although 
glucanases have been purified from a wide variety of plant sources (Boller, 1985 and 
1988), their relationship to systemic induced resistance has not been thoroughly studied. 

3.5 PR-4 PROTEINS 

Among the proteins known to accumulate systemically in TMV-infected tobacco is the 
acidic, extracellular PR-4. This pathogenesis-related protein, also referred to as PR-R, 
is reported to have two forms, of 13 and 15 kD (van Loon et al., 1987). 
Characterization of a 13.5 kD PR-4 protein by N-terminal amino acid sequencing and 
subsequent cloning and sequencing of its eDNA revealed two distinct cDNA sequences, 
designated PR-4a and PR-4b, that differed at only six nucleotide positions in the 
predicted coding regions (Friedrich et al., 1991). The PR-4 proteins are apparently 
encoded as preproteins which include a signal peptide of approximately 25 residues; 
Southern blot analysis indicated that the PR-4 gene family is composed of 3 to 4 
members in tobacco (Friedrich et al., 1991). Interestingly, the deduced amino acid 
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sequence of PR-4 was found to share approximately 75 % identity with two 
wound-induced potato proteins (Win-1 and Win-2) and with hevein from rubber tree 
latex; however these proteins contain an additional N-terminal "lectin domain" which 
PR-4 lacks (Friedrich et al., 1991). No function is known for PR-4. 

3.6 THAUMATIN-LIKE PROTEINS 

Members of this group are characterized by their homology to thaumatin, a sweet tasting 
protein from a West African shrub (Cornelissen et al., 1986a). In Samsun NN tobacco, 
two genes that have approximately 65 % identity to thaumatin are expressed in response 
to TMV infection (van Kan et al., 1989). These two tobacco genes share 95% identity 
and encode the major and minor forms of the acidic PR-S proteins (Payne et al., 1988; 
van Kan et al., 1989). A cDNA encoding a thaumatin-like protein that is approximately 
46% identical to the acidic and basic PR-5 proteins of tobacco has been isolated from 
Arabidopsis (Uknes et al., 1992). Expression of the corresponding gene in Arabidopsis 
is induced by infection or treatment with salicyclic or 2,6-dichloroisonicotinic acids. 

A basic member of the thaumatin-like protein family also occurs in tobacco. Based 
on serology, amino acid composition and NHrterminal sequence, osmotin, a protein that 
accumulates in tobacco vacoules in response to osmotic stress, is related to PR-S (Stintzi 
et al., 1991). Osmotin is encoded in Nicotiana tabacum by a pair of genes, each 
originating from one of the parental species, N. sylvestris and N. tomentosiformis 
(Nelson et al., 1992). The gene derived from N. sylvestris lacks introns and has two 
transcription start sites (Nelson et al., 1992). Already present in healthy tissues, 
osmotin levels are markedly increased in tobacco leaves reacting hypersensitively to 
TMV (Stintzi et al., 1991). Nevertheless, systemic expression of osmotin has not been 
reported. 

Thaumatin-like proteins have been described in a wide range of plants. Zeamatin, an 
anti-fungal protein from com seeds, shares considerable homology with thaumatin, PR-R 
and osmotin (Vigers et al., 1991). The first 60 amino acids of zeamatin are identical 
to a bifunctional trypsin/a-amylase inhibitor from com seeds; however, zeamatin does 
not inhibit either a-amylase or trypsin (Vigers et al., 1991). Seeds of oats, sorghum 
and wheat also contain proteins that fall in this group (Vigers et al., 1991). Tomato 
plants inoculated with Phytophthora infestans accumulate a basic protein that is highly 
similar to osmotin and inhibitory to the fungus (Woloshuk et al., 1991), and soybean 
contains an acidic protein that is structurally related to thaumatin-like proteins (Graham 
et al., 1992). 

3.7 SAR 8.2 

Evidence for a new type of pathogenesis-related protein has recently been obtained by 
differential screening of a cDNA library constructed from systemically induced Xanthi 
nc tobacco. Five distinct cDNAs deduced to encode small, basically charged proteins 
with N-terminal signal peptides have been identified (Alexander et al., 1993). An 
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interesting feature of the putative proteins is the presence of a cysteine-rich domain at the 
C-terminus. Southern analysis indicated that the SAR8.2 gene family consists of 10 to 
12 members in tobacco. No significant homology has been found between the SAR8.2 
cDNAs and known sequences. 

3.8 CHALCONE SYNTHASE 

This enzyme catalyzes a key regulatory step in the synthesis of pterocarpan phytoalexins 
that is characteristic of many legumes (Dixon et al., 1983). Analysis of the expression 
of bean chalcone synthase (CHS 8 and CHS IS) promoter-GUS reporter gene fusions 
revealed that application of oxalate, a treatment that induces disease resistance in 
cucumber, or infiltration of an incompatible isolate of Pseudomonas syringae pv. 
syringae, induces the expression of the CHS 8 but not the CHS 15 gene fusion (Stermer 
et al., 1990). Both treatments activated the CHS 8 promoter 30 to 40 mm from localized 
sites of application, indicating that the CHS 8 gene is responsive to signals that act not 
only locally but at a distance. Although bean is reported to have the ability to respond 
with systemic resistance after infection, the role of CHS in the induced resistance of bean 
has not been examined (Cloud and Deverall, 1987). 

3.9 GLYCINE-RICH PROTEINS 

Glycine-rich proteins (GRP) are widespread in plants where they are postulated to be cell 
wall components (Cassab and Varner, 1988; Condit and Keller, 1990). However, a 
recent report implicating a GRP in the maturation of specific mRNAs in response to 
wounding suggests that GRPs may play more diverse roles in plants (Sturm, 1992). The 
systemic induction of mRNA encoding GRPs has been reported for tobacco infected with 
TMV (Hooft van Huijduijnen et al., 1986; van Kan et al., 1988). Differential 
hybridization of a cDNA library constructed from TMV-infected Samsun NN tobacco 
selected a number of clones that corresponded to systemically accumulating mRNAs; the 
translation products of two classes of these mRNAs were not immunologically related to 
previously known PR proteins (Hooft van Huijduijnen et al., 1986). Nucleic acid 
sequence analysis determined that one of these mRNA classes encoded GRPs (van Kan 
et aI., 1988). Of two genomic clones isolated, one (gGRP-8) represented an 
infection-induced gene encoding a hydrophilic protein of 109 amino acids, 25 % of which 
were glycine, with a putative N-terminal signal peptide of 26 amino acids (van Kan et 
al., 1988). Genomic Southern analysis indicated that the GRP mRNA corresponds to a 
family of approximately eight genes in tobacco. The GRP has not yet been identified in 
tobacco plants and may be insolubilized in the plant cell wall where it could have a 
structural role (van Kan et al. 1988). 

Complementary DNA encoding a highly related GRP from petunia has been isolated, 
and the expression of the petunia GRP gene is also enhanced by virus infection and 
salicylic acid treatment (Linthorst et aI, 1990a). Arabidopsis contains at least five 
distinct single copy genes encoding GRPs. Little homology exists among the five 
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Arabidopsis genes or with previously described GRP from other species (de Oliveria et 
ai., 1990). Transcript levels of the five GRPs were affected slightly but differentially 
by salicylic acid treatment. In addition, one class of GRP from tomato has recently been 
described that responds to wounding by both local and distant expression (Showalter et 
ai., 1992), and a cDNA encoding a virus-inducible GRP from rice has been reported 
(Fang et ai., 1991). 

Table 1. Classes of proteins accumulating systemically in plants after local infection 

Class Possible Role in Tobacco Cucumber Arabidopsis 1 

Defense 

Peroxidases Strengthen cell P61, P65 (cv. 30-33 kD ND2 
walls; generate Xanthi); P37, isoforms 
toxic free P35 (cv. KY 
radicals 14) 

PR-1 Functions PR-1a, PR-1b, ND PR-1 homolog 
unknown PR-1c 

Chitinases Antifungal PR-P, PR-Q Class III ND 
(PR-3a, PR-3b) chitnase 

8-1,3- Enhance PR-2, PR-N, Glucanase Glucanse? 
glucanases antifungal PR-O (PR-2a, 

activity of PR-2b, PR-2c) 
chitnases 

PR-4 Unknown PR-R (PR-4a, ND ND 
PR-4b) 

Thaumatin-like Antifungal; (X- PR-s (PR-5a, ND PR-5 homolog 
proteins amylase/prote- PR-5b) 

ase inhibitors 

SAR 8.2 Unknown SAR 8.2 ND ND 
Protein3 

Glycine-rich Strengthen cell GRP-83 ND GRP? 
proteins walls 

Transcn t levels ot Arabldo SIS rotems are enhanced b' sallc rhc acid treatment. P 'P P Y Y 
2 Not demonstrated 
3 Presence deduced from systemic increase in corresponding mRNA 
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4. Control of Systemic Expression 

Most of the genes involved in defense responses in plants are regulated, at least in part, 
at the level of transcription (Dixon and Harrison, 1990; Dixon et al., 1993). This also 
appears to hold true for the genes that encode proteins implicated in systemic induced 
resistance. Carr and coworkers (Carr et al., 1985) reported that the accumulation of 
PR-1 protein in tobacco is regulated by the abundance of translatable mRNA encoding 
the protein. Soon after it was demonstrated that PR-1 mRNAs, plus mRNAs 
corresponding to other PR proteins, accumulated systemically in tobacco plants with a 
localized TMV infection, providing further evidence that transcription is involved in the 
control of PR protein expression (Hooft van Huijduijnen et al., 1986). Since then 
several groups have cloned and characterized cDNA and genomic sequences 
corresponding to the acidic and basic tobacco PR proteins (see previous section), which 
has permitted the analysis of PR protein expression in considerable detail. 

4.1 EXPRESSION PATTERNS 

The levels of mRNA from different PR gene families in tobacco have been examined by 
northern blot hybridization revealing distinctive patterns of expression (Brederode et al., 
1991; Memelink et al., 1990; Ward et al., 1991b). The genes encoding the acidic PR 
proteins, PR-1, glucanase, chitinase, PR-4 and thaumatin-like proteins, respond similarly 
to different forms of stress. Brederode et al. (1991) showed that these genes are highly 
inducible by TMV, but only moderately inducible by ethephon or UV light treatment and 
not inducible by wounding. In contrast, the genes for the basic forms of these PR 
proteins were expressed most strongly after treatment of tobacco with ethephon and to 
a lesser degree after wounding and TMV infection. A notable difference between the 
acidic and basic PR protein genes was the strong systemic expression of the former and 
the weak or non existent expression of the latter after TMV infection (Brederode et al. , 
1991). Because wounding and ethephon treatments can strongly induce expression of the 
basic counterparts of PR-1, glucanase, chitinase and thaumatin-like proteins in tobacco, 
yet wounding does not induce resistance to TMV, these basic PR proteins are unlikely 
to playa role in induced antiviral resistance (Brederode et al., 1991). This is supported 
by the observation that ethephon will induce resistance in N -gene tobacco to TMV 
without systemic induction of B-1,3-glucanse (Ye et al., 1992) and that injecting aspirin 
into tobacco stems protected leaves against TMV without expression of PR proteins (Ye 
et ai, 1989). Instead, the expression patterns of the basic forms suggest that many have 
a function in normal plant development and responses to stress. For example, osmotin 
and the basic counterparts of B-1, 3-glucanase and chitinase are synthesized during in vitro 
culture oftobacco mesophyll protoplasts (Grosset et al., 1990), and genes encoding these 
basic proteins are also expressed in tobacco explants during flower formation and are 
expressed constitutively in roots of tobacco plants (Neale et al., 1990). Recently, an 
acidic chitinase was found to rescue a carrot embryo mutant arrested at the globular 
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stage, indicating that an acidic form may also have a role in development (De Jong et al., 
1992). 

A more comprehensive study by Ward et al. (1991b) reported that TMV infection 
caused the systemic accumulation of mRNA corresponding to the acidic forms of PR-l, 
class II and III glucanases, class II and III chitinases, PR-4 and PR-5, plus accumulation 
of the basic forms of PR -1, class III chitinase and SAR8. 2. The basic class I glucanase 
and class I chitinase and an acidic peroxidase were not systemically induced. The lack 
of induction of mRNA encoding the acidic peroxidase is not surprising because the probe 
used corresponded to a non-induced peroxidase isoform (Lagrimini and Rothstein, 1987). 
Salicyclic and methyl-2,6-dichloroisonicotinic acids, compounds that induce resistance 
in tobacco, induced expression of the same genes as did TMV infection (Ward et al., 
1991b). The coordinate expression of the systemically induced genes is associated 
temporally with the induction of resistance. The mRNAs for these genes began to 
accumulate to high levels in upper, uninfected leaves at 6 days after infection of lower 
leaves, a time when systemic induced resistance was just detected in the uninfected leaves 
(Ward et al., 1991b). 

4.2 PR-l PROMOTERS 

The isolation of genomic clones encoding proteins implicated in systemic induced 
resistance has made possible the characterization of regulatory elements that may control 
resistance induction. The PR-l gene family of tobacco is one of the best studied with 
respect to its promoters. The 5' upstream sequence of the acidic PR-la gene contains 
a consensus TAT A box at position -34 and an 11 base pair imperfect direct repeat at -116 
and -135 with respect to the transcription start site (Pfitzner et al., 1988). In addition, 
the sequence C--GAA---TTC--G, which differs from the consensus heat shock regulatory 
element only by the insertion of one extra nucleotide, is located at position -57; the 
significance of this regulatory element homolog is unclear because heat shock conditions 
do not induce the expression of PR-l genes (Cornelissen et al., 1987; Pfitzner et al., 
1988). Analysis of genomic clones encoding tobacco PR-l genes indicated that several 
were not expressed due to deletions and insertions in their promoter region (Cornelissen 
et al., 1987; Oshima et al., 1987). The cis-acting elements of the PR-la promoter which 
are involved in the induction of this gene by salicylic acid or TMV infection have been 
defined by functional assays in transgenic tobacco (Van de Rhee et al., 1990). Upstream 
sequences of the PR-la gene were fused to reporter genes and used to transform tobacco. 
Sequences containing at least 689 base pairs 5' of the transcription start site were 
sufficient for systemic induction of reporter gene expression. The TMV - and salicylic 
acid-responsive elements were localized between positions -643 and -689 in the PR-la 
promoter (Van de Rhee, et al., 1990). These results indicate that the previous reports 
of PR-l mRNA accumulation in the non-infected upper leaves of tobacco plants with a 
localized infection are due to systemic transcriptional activation (Cornelissen et al., 1986; 
Hooft van Huijduijnen et al., 1986). 
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Basic members of the tobacco PR-1 gene family have very little similarity to acidic 
PR-1 genes in their promoter regions. A recent analysis of two basic PR-1 genes showed 
that homology with the upstream region of their acidic counterparts is limited to several 
regions in the first 150 bases of the promoter (Eyal et al., 1992; Payne et al., 1989). 
In comparison, the promoter regions of the two basic genes are approximately 70% 
identical up to position -654 where homology abruptly ends (Eyal et al., 1992). The 
basic PR-1 promoter characterized by Eyal et al. (1992) contains, in addition to a TATA 
box at -44 nucleotides upstream, a CCAAT box at -93, a G-box consensus core sequence 
(CACGTG) at -185 and two AT-1 like sequences (AATATTTTTATT) at -467 and -767. 
No heat shock consensus sequence was reported. As would be expected by the different 
promoter composition, expression of basic PR-1 genes does not follow the pattern of 
acidic PR-1 genes. In the light, 18 ppm ethylene rapidly induced accumulation of basic 
but not acidic PR-1 transcripts and the transcripts of the basic genes were also induced, 
up to 50-fold, during 48 h of darkness (Eyal et al., 1992). Interestingly, the din1 gene 
of radish (Raphanus sativus) , which appears to be a member of the PR-1 family, 
undergoes a 1oo-fold increase in its transcripts after 24 h of darkness, suggesting a 
regulatory pattern in common with basic PR-1 genes (Azumi and Watanabi, 1991). 

4.3 CHITINASE PROMOTERS 

Analysis of a tobacco gene encoding a basic class I chitinase revealed that the gene 
contained two introns and the major transcription start site was 11 base pairs upstream 
of the ATG codon. In addition to a TATA and CCAAT box at positions -28 and -114 
respectively, the promoter contained a motif at -140 that resembles the consensus heat 
shock regulatory element found in the PR-1 protein genes of tobacco (Shinshi et al., 
1990). Expression of a chimeric gene consisting of a basic tobacco chitinase coding 
region downstream of a CaMV 35S promoter resulted in intracellular accumulation of 
the enzyme in transgenic tobacco; in contrast, a petunia acidic chitinase similarly 
expressed as a chimeric gene in tobacco accumulated in the extracellular fluid (Linthorst 
et al., 1990b). Closer examination of a basic class I tobacco chitinase demonstrated that 
a short C-terminal amino acid sequence (GNGLLVDTM) was sufficient for the targeting 
of chitinases, including the normally secreted cucumber chitinase, to the vacuole 
(Neuhaus et al., 1991b). 

Transcription driven by the promoter of an acidic chitinase has also been characterized 
(Samac and Shah, 1991). In fusion studies where the Arabidopsis acidic chitinase 
promoter was placed upstream of the fi-glucuronidase (GUS) reporter gene, transgenic 
Arabidopsis containing the gene fusion showed only local expression of GUS activity 
after Rhizoctonia solani infection. Furthermore, transgenic tomato plants carrying the 
Arabidopsis chitinase promoter construct exhibited only local expression around necrotic 
lesions after infection by Phytophthora infestans or Alternaria solani (Samac and Shah, 
1991). These results provide further support for the notion that chitinase may not be 
important in the systemically induced resistance of Arabidopsis. Analysis of a series of 
5' deletions of the Arabidopsis chitinase promoter indicated that nucleotide sequences 
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contained in the first 192 base pairs upstream from the transcription start site were 
sufficient to regulate both the constitutive and induced patterns of expression. Positive 
and negative regulatory elements that were involved in quantitative expression of the gene 
were located further upstream (Samac and Shah, 1991). The promoter of the Arabidopsis 
acidic chitinase gene did not contain any obvious sequence similarities to previously 
identified regulatory motifs. 

4.4 GLUCANSES PROMOTERS 

The regulation of a Nicotiana plumbaginijolia fi-l,3-glucanase gene (gnl) has been 
analyzed in transgenic tobacco containing a glucanase promoter-GUS reporter gene fusion 
(Castresana et al., 1990) of developmentally regulated GUS activity were observed in the 
roots and older leaves of the transgenic tobacco, and the induction of GUS activity in 
leaves by Pseudomonas syringae pv. syringae was restricted to cells surrounding the 
hypersensitive lesion. Similarly, a construct using the promoter of the tobacco PR-2 
glucanase gene fused to GUS was activated near necrotic lesions but not distally in 
TMV-infected transgenic tobacco (Hennig et aI, 1991). Salicylic acid treatment induced 
expression of both the PR-2 and gnl promoter-GUS gene fusions. 

4.5 THE GRP-8 PROMOTER 

The gene encoding a GRP is coordinately expressed with the acidic PR proteins of 
tobacco such as PR-l; for example, the GRP-8 and PR-l genes are both induced by 
TMV infection or salicyclic acid treatment (Hooft van Huijduijnen et al., 1986; van Kan 
et al., 1988). However, comparison of their 5' flanking regions revealed only minor 
homology between the two classes of genes (van Kan et al., 1988). The GRP contained 
numerous direct and inverted repeats between -510 and -200 base pairs upstream of the 
transcription start site. Interestingly, a 64 base pair inverted repeat of the GRP-8 
promoter is also present in the upstream sequence of the gene encoding the small subunit 
of ribulose 1,5-bisphosphate carboxylase (rubisco ss) from tobacco (van Kan et al., 
1988). In potato, the transcription of the rubisco ss gene is rapidly repressed in response 
to infection or elicitor treatment, an effect which occurs systemically throughout the 
affected leaf (Kombrink and Hahlbrock, 1990). Perhaps the 64 base pair repeat is 
involved in detection of defense-related systemic signals. The timing of the potato 
rubisco ss gene inactivation was similar to that observed for transcriptional activation of 
defense genes. Kombrink and Hahlbrock (1990) suggested that the induction of 
multicomponent defense responses requires repression of other cellular functions to 
ensure metabolic balance. 

The upstream sequences of the GRP also contained homology with the SV 40 enhancer 
at position -540 and homology with the activator element (CCACACAATAATG) of the 
Agrobacterium cytokinin gene at position -110 (van Kan et al., 1988). The sequence 
similar to the SV40 core enhancer may be relevant to systemic induced resistance. 
Expression of PR-la and GRP-8 promoter deletions fused to the GUS reporter gene in 
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transgenic plants revealed that PR-1a sequences located between -689 and -643 and 
GRP-8 sequences located between -645 and -400 were necessary for induction of reporter 
gene expression by TMV infection or salicyclic acid treatment, and the only detectable 
similarity between the two enabling promoter regions was the small sequence resembling 
the SV40 core enhancer sequence (Bol et aI, 1990). 

5. Expression of PR Protein Genes in Transgenic Plants 

The ability to constitutively express proteins in transgenic plants has allowed researchers 
to investigate the role of these proteins in resistance. Most studies have place the coding 
region of genes of interest under the transcriptional control of the cauliflower mosaic 
virus 35S promoter and transformed the chimeric construct into tobacco. The results 
obtained to date suggest that, in some cases but not all, constitutive expression of a single 
PR protein gene can result in increased disease resistance to selected pathogens. Broglie 
et al (1991) demonstrated that transgenic tobacco seedlings expressing a basic chitinase 
from bean and having up to 4-,24- and 44-fold increases in root, stem and leaf chitinase 
activity, respectively, over controls, also exhibited delayed symptom development and 
a lower percentage of seeding mortality after exposure to the soil-born fungus 
Rhizoctonia solani. However, seedlings expressing the bean chitinase were not more 
resistant to Phythium aphanidermatum, a fungus that lacks chitin in its cell wall. In 
another study, high level expression of a basic, class I tobacco chitinase in transgenic 
Nicotiana sylvestris did not increase resistance to the chitin-containing fungus Cercospora 
nicotianae (Neuhaus etal., 1991a). Also, constitutive expressionofPR-1a, PR-1b, GRP 
or PR-5 (thaumatin-like protein) separately in transgenic tobacco did not result in 
increased resistance to TMV, implying that none of these proteins is capable of antiviral 
activity alone (Cutt et ai, 1989; Linthorst et al., 1989). 

Other research groups are taking a systematic look at the effects of constitutive 
expression of PR protein genes, or their antisense transcripts, on the resistance of plants 
to a battery of pathogens (Alexander et al., 1993; Ryals et al., 1992a). So far, 
significant increases in resistance to Rhizoctonia solani have been observed in transgenic 
tobacco expressing high levels of basic class I chitinase and acidic class II and III 
chitinases (Ryals et al., 1992b). In addition, engineered expression of the SAR8.2 gene 
or the PR -1 a gene in tobacco resulted in greater resistance to Phytophthora parasitica and 
Peronospora tabacina, respectively (Alexander et al., 1993a and 1993b). 

Liu et al. (1994) recently reported that potato plants overexpressing osmotin exhibited 
a delay in the onset of late blight symprtoms after inoculation with Phytophtora infestans. 
Although not conferring total immunity, as in the case of PR-1 expression in tobacco 
(Alexander et al., 1993), this result indicated that osmotin may playa role in acquired 
resistance. 

Peroxidase activity has also been overexpressed in Nicotiana tabacum and N. 
sylvestris under the regulation of the cauliflower mosaic virus 35S promoter (Lagrimini 
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et al., 1990). The cDNA encoding the expressed peroxidase corresponded to the P35 
acidic peroxidase isolated by Lagrimini et al. (1987) which was not associated with 
systemic induced resistance. Although alterations in the disease resistance of the 
overexpressing plants have not been reported, the transformants of both species did 
display an unusual developmental phenotype of severe wilting through loss of turgor in 
leaves initiated at the time of flowering (Lagrimini et al., 1990). 

6. Concluding Remarks 

A large, rapidly growing body of information exists on the systemically expressed genes 
that are associated with induced resistance. This is especially true for tobacco, the plant 
in which the biochemistry and molecular biology of systemic induced resistance has been 
best studied. At least eight families of genes are known to be systemically expressed by 
localized infection of tobacco, and proteins corresponding to many of these families have 
been well characterized. Furthermore, many homologs of the systemically expressed 
genes of tobacco, e.g., PR-1 related, chitinases, glucanases and thaumatin-like proteins, 
are found in a wide range of other plants, including monocots and dicots, many of which 
also exhibit induced resistance. Generally, the systemically expressed genes are 
responsive to local and systemic signals within the plant and encode acidic proteins that 
are targeted extracellularly. The basic counterparts of these genes are responsive to local 
and developmental signals and encode intracellular proteins. As with most rules, a few 
exceptions do occur; transcripts encoding basic forms of tobacco PR-1 and class III 
chitinase appear to accumulate systemically. Also, the SAR8.2 gene family is predicted 
to encode a basic protein with a N-terminal signal peptide that would suggest 
extracellular localization. SAR8.2 transcripts are normally at elevated steady state levels 
in tobacco, but the levels increase further in response to systemic signals. 

Despite the volume of information accumulating on systemic induced resistance, there 
is much that we do not know. For example, the PR-1 proteins are the most abundant 
induced proteins in systemically protected tobacco leaves and are highly conserved in the 
plant kingdom, yet their biological function is still a mystery. Similarly, no function has 
been assigned to the PR-4 or SAR8.2 gene products. Even in the cases where a function 
has been indicated, either by the detection of enzyme activity or by homology to known 
proteins, the role of the systemically induced proteins in resistance has not been 
demonstrated. Another area where our knowledge is lacking is identification of the 
promoter elements that control systemic gene expression. Results so far have been 
puzzling because genes with similar patterns of systemic expression contain promoters 
with very little sequence homology. No nucleic acid motifs unique to systemically 
induced genes have been reported as of yet. The promoter of a systemically induced 
gene can activate the systemic expression of a reporter gene, demonstrating that the 
necessary sequences to react to systemic plant signals are present, but this gives us the 
problem of how coordinate gene expression in achieved with dissimilar promoters. The 
different promoters of systemically induced genes may each detect separate systemic 
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signals, which would seem unlikely, or a sole systemic signal may act through several 
different intermediate signals which would then activate the genes. 

Transcriptional activation, however, is not the only method of controlling gene 
expression. Changes in the stability of mRNA or in the efficiency of mRNA processing 
could also alter the amount of a particular transcript. Furthermore, regulation of gene 
expression could occur at the translational and post-translational levels. Thus, studies 
that only consider the abundance of mRNA may not necessarily reflect the activity of the 
promoter or indicate the accumulation or activation of the corresponding protein. Little 
is known about the regulation of systemic gene expression at these multiple levels. A 
recent study examining the expression of the osmotin gene in tobacco (cv. Wisconsin 38) 
reported that several strong inducers of its mRNA, ABA, TMV and wounding, did not 
lead to comparable protein accumulation (LaRosa et al., 1992). These results indicate 
that changes in the level of mRNA without supporting information on the level and 
functional activity of the protein should be interpreted carefully. 

Comparisons of various plant species that are known to express systemic resistance 
indicates that each may have a different spectrum of induced proteins. Tobacco, because 
it has been examined the most thoroughly, has the largest described set of genes and their 
products which are associated with induced resistance. In spite of this, the induced 
protease activity of tomato has not been reported for tobacco. Then there is the example 
of chitinase which has demonstrated antifungal activity and is induced in tobacco and 
cucumber but is not induced in resistant Arabidopsis. Thus, similar to what is seen in 
local induced defense mechanisms, systemically induced resistance employs an array of 
potential defenses, which may include mechanisms commonly used by diverse plant 
species and mechanisms unique to particular groups or species of plants. Because of the 
apparent diversity in the expression of induced resistance it will be important to study a 
wide range of plants to understand the many facets of this resistance. The relatively 
short list of systemically expressed genes in plants other than tobacco is because they 
have not received the same intensive study. 

The future prospects for understanding the regulation and basis of systemic induced 
resistance are good. The technology now exists to dissect the mechanisms involved in 
resistance, from detection of the initial infection to expression of genes after challenge 
inoculation. Currently, the effect of overexpressing several PR proteins in the same 
tobacco plant is being examined by introducing multiple gene constructs into the plants 
and by genetic crosses (Alexander et al., 1993a; Ryals et al., 1992a). Similarly, 
transgenic plants expressing high levels of antisense to the PR protein genes are to be 
used to evaluate the role of the genes in disease resistance. The antisense approach is 
particularly interesting because it will create functional mutants of one or more 
systemically expressed genes in tobacco and could produce a tobacco plant deficient in 
all of the major PR proteins. Another powerful tool will be the use of Arabidopsis 
mutants that are altered in their expression of induced resistance. Researchers are 
developing infection systems in Arabidopsis which can be used to discover and analyze 
the components involved in systemic signaling and expression of resistance (de Maagd 
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et at., 1993). These and other approaches should provide key insights into the 
mechanisms involved in systemic induced resistance. 
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1. A General Comparison of Different Types of Resistance 

Induced resistance is only one of several types of resistance to microbial disease that 
flowering plants possess. The other major categories are basic resistance, organ-specific 
resistance, age-related resistance and parasite-specific resistance. Since comparative data 
for all five· forms of resistance are more complete for fungal parasites than other 
pathogens, these organisms will be the main focus of this chapter. 

Of the five categories, parasite-specific resistance is the best defined genetically, and 
is the type most often used by plant breeders to protect agricultural crops against 
pathogens. Characteristically, it occurs only in certain genotypes of a plant species and 
is effective only against a single parasite for which the plant species as a whole is 
considered a susceptible host. Commonly it is controlled by single genes, often 
introduced by the breeder into a basically susceptible genotype, and is expressed only if 
the pathogen has a "matching" gene for avirulence (resulting in a "gene-for-gene" 
interaction) . 

In contrast, the genetic basis of basic resistance is not well understood. This resistance 
is the resistance that protects every plant against the thousands of potential parasites for 
which the particular plant species is a nonhost (Heath 1991). In theory, such resistance 
could be achieved by each plant possessing parasite-specific resistance genes for each of 
these potential parasites. The alternative, and arguably the more likely (Heath 1991), 
hypothesis is that this type of resistance is parasite-nonspecific and depends on 
constitutive defenses and/or defenses inducible by a wide variety of organisms. In either 
case, an organism has to be able to overcome this form of resistance in its host species 
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(by means of attributes known as pathogenicity factors) before it can become a successful 
parasite (Heath 1991). 

Induced resistance, organ-specific resistance, and age-related resistance differ from the 
other two types of resistance in that they all can be expressed in what, under certain 
circumstances, would be considered a susceptible plant. There are very few pathogens 
that can successfully attack all parts of their hosts, and this organ-specific resistance 
presumably is the result of some plant parts having components of basic resistance that 
are not matched by pathogenicity factors in the parasite. Even normally susceptible plant 
parts may not be susceptible throughout their lifetimes, resulting in age-related resistance. 
Such resistance may decrease (Heilbronn and Harrison 1989) or increase (Ward 1989) 
with age of the organ or of the plant (Reuveni et al. 1986). 

Induced resistance differs from organ-specific and age-related resistance in that its 
expression relies on some previous treatment of the plant that "sensitizes" it so that what 
should be susceptible tissue resists invasion by parasites that previously were successful 
pathogens. A single induction treatment can elicit resistance to a wide variety of parasites 
(Kuc 1982; Ye et al. 1989) and in this lack of specificity, induced resistance resembles 
basic resistance more than parasite-specific resistance. Indeed, induced, age-related and 
organ-specific resistance do not require the presence of known parasite-specific genes for 
resistance against the parasite in question, although some forms of parasite-specific 
resistance may also be age-related in that they are only expressed at a certain stage of 
plant development (Bhattacharyya and Ward 1986). 

2. Are Defense Mechanisms the Same for all Forms of Resistance? 

Resistance of plants to colonization by microbes is the norm, and the basis of this 
resistance has been the subject of intensive investigation over the last 50 years. Despite 
the remarkable paucity of examples where resistance of a particular plant to a particular 
organism can be ascribed unequivocally to a particular defense mechanism, it is clear that 
plants have a number of features that are associated with, and most likely contribute to, 
their defense. In general terms, these defenses appear ubiquitous among flowering plants 
and include constitutive features, such as anatomical characteristics or toxic secondary 
metabolites, and a number of localized, parasite-inducible responses such as the 
modification of cell walls, the accumulation of phytoalexins and other toxic molecules, 
and the more widespread accumulation of a wide range of degradative enzymes and other 
"defense proteins". These inducible responses commonly can be elicited by a variety of 
microbial products, making it highly likely that they, together with constitutive factors, 
are the basis of basic resistance in all plants (Heath 1991). A major handicap in 
determining which defenses are most important in any given plant-microbe interaction 
is that what constitutes a defense mechanism will depend on a) how the potential parasite 
interacts with the plant during attempted invasion, and b) how many "hurdles" to 
infection the organism can overcome because of attributes (pathogenicity factors) that 
allow it to tolerate, negate or avoid them. 
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An obvious and interesting question is whether other types of resistance rely on the 
same defense mechanisms that seem to control basic resistance. Given that there are few 
examples in which the mechanisms of resistance are unequivocally known or proven, this 
is not an easy question to answer. Not all forms of resistance have been equally well 
studied, and for organ-specific resistance, in particular, few data are available. In some 
cases, the same types of inducible defense mechanisms have been implicated in basic, 
age-related and parasite-specific resistance (for an example, see work on soybean by 
Lazarovits et al. 1981; Bhattacharyya and Ward 1986; Ward 1989) suggesting that they 
all exploit the same, rather limited, number of responses that each plant possesses. 

However, there also is good evidence to suggest that, in a single plant, the expression 
of different forms of resistance may involve different combinations of defenses (for refs. 
see Heath 1991). Constitutive features such as surface topography and constitutive toxins, 
in particular, may be more important in basic and organ-specific resistance than in 
parasite-specific resistance, since it is commonly assumed that the latter involves only 
active defenses elicited by some microbial factor controlled by the gene for avirulence. 
In the case of fungal parasites, basic resistance often is expressed earlier during infection 
than parasite-specific resistance (Heath 1974). In part this may be due to the greater role 
in basic resistance of pre-existing, constitutive resistance mechanisms. However, it also 
may reflect the fact that, in crop plants, parasite-specific resistance is introduced (by the 
plant breeder) into a susceptible host for which the parasite already has a set of 
pathogenicity factors that normally facilitate successful infection. Therefore, the speed 
at which the fungus is stopped depends on the speed at which the recognition events, 
controlled by the genes for avirulence and resistance, occur. 

Induced resistance can be elicited in otherwise susceptible plants by the application of 
living organisms (Kuc 1982) or by abiotic treatments (e.g. Ye et al. 1989; Stevens et 
al. 1990), and may be expressed only in the treated tissue or considerably beyond the 
region of treatment. Localized resistance elicited by prior inoculation with incompatible 
pathogens can most easily be explained when these pathogens trigger defenses whose 
effects linger sufficiently to inhibit subsequent infection by a compatible pathogen 
(Elliston et al. 1977b). The more intriguing examples of induced resistance are those in 
which the inducing treatment does not directly elicit any of the defenses, such as cell 
death, phytoalexin accumulation, or detectable cell wall modifications, that usually are 
thought to account for resistance in genotypically resistant plants. These treatments must 
elicit other localized or systemic changes that either directly interfere with any 
subsequent invasion by the parasite, or alter the parasite-plant interaction in favour of the 
plant. As documented elsewhere in this book (see chapters by Deverall and Dann, 
Ozeretskovakaya, Hammerschmidt and Yang-Cashman, Steiner and SchOnbeck, and 
Stermer) many changes have been detected in systemically protected plants including 
changes in cell wall structure that might make them more resistant to fungal penetration 
(Esquerre-Tugaye et al. 1979; Stermer and Hammerschmidt 1987), or increases in levels 
of soluble proteins that might directly inhibit fungal growth (Ye et al. 1990; Woloshuk 
et al. 1991). That these changes may affect subsequent fungal development is indicated 
by the fact that, once inside the tissue, fungal growth often appears impaired in 
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comparison with that in unprotected plants (Kovats et al. 1991; Ye et al. 1992); 
however, it has yet to be shown that these changes are more important in preventing 
fungal growth than antimicrobial compounds elicited during fungal infection. In addition, 
induced resistance also is commonly characterized by a decrease in the frequency of 
initial penetration of epidermal cells in association with an increased frequency of 
localized, modifications of the plant cell wall elicited after fungal inoculation (Cloud and 
Deverall1987; Conti et al., 1990; Kovats et al. 1991; Stein et al. 1992). Such rapid and 
localized wall modifications are typical of the expression of basic resistance and it would 
seem that protected plants may respond more as nonhosts than hosts towards some of 
their normally successful pathogens. Significantly, compared to normal cucumber plants, 
protected ones have higher latent activity of membrane-bound B-1, 3-glucan synthase 
(Schmele and Kauss 1990), which may account for the faster appearance of callose­
containing papillae after fungal challenge of protected plants (Stumm and Gessler 1986; 
Kovats et al. 1991). Moreover, protected plants lignify faster than unprotected plants in 
response to wounding, probably because of the systemic increase in at least two enzymes, 
including peroxidase, essential for lignin formation (Dean and Kuc 1987). It seems 
likely, therefore, that some of the systemic changes induced in protected plants ensure 
that fungal-induced damage results in rapid wall-associated modifications that may help 
prevent further fungal ingress. The probable involvement in induced resistance of several 
pre-existing and fungal-induced defenses indicates that this form of resistance, like basic 
resistance (Heath 1991), is multicomponent (Ye et al. 1990; Kovats et al. 1991) 

Interestingly, some of the systemic changes that occur in a plant after treatments that 
induce resistance also occur as a plant ages (e.g. Braber 1980; Fluhr et at. 1991; Wyatt 
et al. 1991). This raises the possibility that the mechanisms of induced resistance and 
some forms of age-related resistance may be similar, a hypothesis supported in bean 
(Phaseolus vulgaris) by the similar susceptibility of these forms of resistance to heat 
treatment, and the differing effect of heat on some examples of parasite-specific or 
nonhost resistance (Elliston et al. 1977a). Like induced resistance, age-related resistance 
towards fungi may be accompanied by localized responses that could account for the 
cessation of fungal growth. In bean infected with the bean rust fungus, these responses 
include silica deposition (Heath 1981) that is typical of the expression of basic, but not 
parasite-specific, resistance in this plant. Changes that occur in these leaves as they age 
include an increase in peroxidase (Braber 1980) and changes in cell wall polysaccharides 
(Arribas et al. 1991) but how or if they relate to the changes in resistance is unknown. 

3. Role and Evolution of Induced Resistance in Natural Ecosystems 

For some crop plants, induced systemic resistance has been shown to protect them 
against some diseases under field conditions (Oerke et at. 1989; Tuzun et al. 1992). 
However, to my knowledge no-one has demonstrated the existence of induced resistance 
in noncultivated species in natural ecosystems. Moreover, the number of plant species 
in which either localized or systemic induced resistance has been demonstrated is still 
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very small. It is often pointed out that plant diseases appear to cause less damage in 
natural ecosystems than in our crop plants (Browning 1981). Conceivably, this may be 
the result of a high incidence of induced resistance in wild plants, but it also is possible 
that noncultivated plants have a higher level of basic resistance because of features, such 
as high levels of constitutive toxins, that have been bred out of cultivated species (Heath 
1991). Nevertheless, the concept of induced resistance fits the emerging picture that 
plants are remarkably responsive to stresses in their environment. Mechanical 
perturbations can cause stems to thicken (Biro et al. 1980), wounding and insect 
herbivory can result in a systemic increase in proteinase inhibitors (Ryan and Green 
1972) and other compounds (Tallamy 1985) that may deter further insect feeding, and 
there is even some evidence that plants can respond to distress signals emitted by their 
neighbours (Baldwin and Schultz 1983; Farmer and Ryan 1990). In this context, it does 
not seem unreasonable that plants respond to parasite infection by strengthening their 
defense mechanisms against further invasion. 

For the phenomenon of induced resistance to be directly selected for during plant 
evolution, there must be situations in which this attribute increases the fitness of the 
plant. The induction of systemic resistance beyond the tissue given the induction 
treatment seems to require limited, but significant, tissue necrosis (Jenns and Kuc 1979), 
but necrosis that is different from that caused by wounding (Hammerschmidt et al. 
1982). This means that resistance is likely to be induced only by compatible plant­
parasite interactions that result in limited, necrotic, lesions, or by incompatible 
interactions that result in necrotic flecks. Inoculation with parasites for which the plant 
is a nonhost, resulting in the expression of basic resistance, may not induce systemic 
resistance (Jenns and Kuc 1979), presumably because of the more restricted response by 
the plant. Therefore, the induction of systemic resistance would seem to be limited to 
rather specific types of plant-parasite interactions and we do not know whether such 
interactions occur with high frequency in natural ecosystems. If the plant is already 
resistant to the invading parasite, is there a selective advantage of inducing systemic 
resistance to a compatible race of the same, or other, pathogen when it is possible that 
such organisms may not be present? The most predictable advantage of induced resistance 
would be in the case of compatible interactions that form limited lesions, since induced 
systemic resistance would reduce the incidence of autoinfection, and in some cases, 
reduce the rate of development of an epidemic. It is not clear, however, how common 
such infections are in natural ecosystems, and whether they outnumber infections by, for 
example, organisms such as rust and powdery mildew fungi and systemic viruses that 
cause little necrosis and do not appear to elicit induced resistance (indeed, they may 
induce localized susceptibility towards microbes for which the plant is normally 
resistant). An interesting idea is that the prevalence of necrotic-fleck types of resistance 
to biotrophic organisms is the result of selective pressure for types of parasite-specific 
resistance that induce systemic resistance in the plant to other pathogens. However, it is 
possible that in natural ecosystems, localized, rather than systemic, induced resistance 
may be more important. Localized resistance can be elicited by fungi that cause wall 
modifications rather than cell death (Gregersen and Smedegaard 1989) and, therefore, 
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may be elicited by the hundreds of microbes that try to infect nonhost plants. Such a 
phenomenon would explain why aseptically-grown barley is more susceptible to powdery 
mildew than plants grown under normal conditions (Sahashi et aT. 1989). 

Rather than induced resistance being selected for because of its role in disease 
protection, it is possible that it is a secondary, and perhaps even fortuitous, phenomenon 
associated with the changes that occur in plants in response to certain types of stress. 
Certainly there are many similarities in the changes that occur in induced plants to those 
elicited by other environmental or biotic stresses, and many of these changes appear to 
be irrelevant to the subsequent resistance of the plant to the inducing pathogen (Linthorst 
et aT. 1989; Ye et aT. 1990). Not only will induced resistance elicited by one microbe 
protect against a different organism, but there are many other examples of plants 
responding to one stress becoming more resistant to another. For example, cotton 
seedlings exposed to spider mites become more resistant to the fungus, Verticillium 
dahliae, and vice versa (Karban et aT. 1987), although, as described in chapters by 
Deverall and Dann and by Hammerschmidt and Yang-Cashman, successful induction of 
disease resistance by pathogens may not always result in expression of resistance to 
arthropod herbivore attack (Ajlan and Potter 1991, 1992). Low temperature hardening 
of the grass, Poa pratensis, increases resistance to the rust fungus, Puccinia poae­
nemoralis (Tronsmo 1984). Perhaps, induced resistance, like basic resistance (Heath 
1991), may be part of a mUltipurpose stress defense system selected for by factors other 
than, or in addition to, parasite pressure. 

If induced resistance can protect a plant against a significant proportion of potential 
pathogens, it seems reasonable to ask why, in crop plants, this resistance is not expressed 
all the time. The most obvious explanation is that the changes induced in protected plants 
have a fitness cost. This possibility is supported by studies of "super-induction" in 
cucumber with Pseudonomas syringae pv. syringae in which the plants were visibly 
stunted and exhibited veinal chlorosis in developing leaves (Rasmussen et aT. 1991) and 
by the deleterious effects of constitutively increased peroxidase levels in transgenic 
tobacco plants (Lagrimini et aT. 1990). However, no deleterious effects on fitness were 
observed in tomato following the induction of high levels of proteinase inhibitors, 
apparently because they represented only a small part of the nitrogen budget of the plant 
(Brown 1988). Therefore, it is still unclear whether the expression of induced resistance 
represents a significant energy drain on the plant. The fact that induced resistance may 
be elicited by surface microbes (Gregersen and Smedegaard 1989; Sahashi et aT. 1989) 
suggests that in nature, plants may well exist in a perpetual induced state. 

4. Can Induced Resistance be Overcome? 

If induced resistance occurs in natural ecosystems, it is pertinent to ask whether parasites 
can evolve to overcome it in the same way that they can evolve to become successful 
parasites of what were previously nonhost plants or plants with parasite-specific 
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resistance. This question also is of practical importance if induced resistance becomes 
commercially important as a means of protecting crop plants against disease. Although 
induced resistance will protect plants against a wide variety of pathogens, it often does 
not protect against them all (Kuc 1982; Bashan and Cohen 1983». We do not know if 
this is because the defenses activated in protected plants just happen not to be effective 
against all parasites, or because the unaffected pathogens have specifically evolved means 
to circumvent this additional form of resistance in their hosts. Ultimately, the durability 
of any form of resistance depends on how easily random mutation in the parasite can 
produce some means of negating it (Heath 1985). Pathogens can become resistant to site­
specific pesticides (Dekker 1976) or overcome parasite-specific resistance more readily 
that they can overcome the effects of multisite pesticides or multicomponent basic 
resistance, illustrating the principle that the more specific the molecular recognition 
events that govern an interaction, the higher the chance that small genetic changes in the 
parasite may prevent this recognition (Heath 1985). Therefore, the general nonspecificity 
of induced resistance bodes well for it being an exploitable form of durable resistance. 
Such a conclusion is supported by the apparently continued effectiveness of induced 
resistance in protecting tobacco against Peronospora tabacina over a four year field study 
in Mexico, despite high levels of pathogen inoculum (Tuzun et al. 1992). 

5. Summary and Conclusions 

Induced systemic resistance in crop plants appears to be relative nonspecific, and 
multicomponent in nature. In these features, and in some of its apparent mechanisms, it 
resembles basic resistance and age-related resistance more than parasite-specific 
resistance. It seems likely that, for fungi at least, some of the changes that occur in 
protected plants may directly inhibit fungal growth, while others may "prime" the plant 
so that it responds faster and more vigorously to any damage caused by attempted cell 
ingress. Whether induced resistance occurs in wild plants is unknown, and the number 
of cultivated species in which is has been documented is still relatively small. 
Nevertheless, this form of resistance fits the emerging concept that plants respond to 
various stresses in their environment in ways that make them less susceptible to further 
damage. 

The nature and significance of induced resistance in natural ecosystems is completely 
unknown, as is whether it evolved in response to pathogen pressure or as a fortuitous 
result of the evolution of responses to other forms of stress. The indications that this 
form of resistance may be elicited by surface microbes and saprophytes is an area worth 
investigating further and it raises the possibility that wild plants may be in a state of 
perpetual induction. Whether there is an energy cost of induced resistance, and whether 
its expression significantly reduces the fitness of the plant, are all topics that need to be 
investigated before we can fully understand the role of this resistance relative to parasite­
specific resistance in wild plants. 
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The similarity of induced resistance to basic resistance suggests that it may be similarly 
durable with respect to the ease with which resistance may be overcome by a particular 
pathogen. This possibility, together with the fact that induced resistance can be triggered 
in otherwise susceptible plants by various "environmentally friendly" abiotic treatments 
such as ultraviolet radiation (Stevens et al. 1990), bodes well for the successful 
commercial application of this type of disease protection. 
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1. Introduction 

The use of intensive farming and mass monoculture resulted in the extensive use of 
chemical pesticides to control plant pests and diseases. The use of chemical pesticides, 
however, will become increasingly restricted due to concerns for the environment and 
health. The need for extensive toxicological and field testing prior to release of new 
chemicals and development of pest or pathogen resistance to some current pesticides may 
also contribute to a reduction in pesticide utilization. Weare faced with the challenge 
of finding more effective, safer and economical ways to protect plants against pests to 
help feed an ever increasing world population. Utilization of plants' own defense 
mechanisms by application of technologies to induce resistance may contribute toward 
a solution to this problem. Many theoretical and experimental aspects of induced systemic 
resistance (immunization) are described in detail in the previous chapters. Because there 
are few examples of field tests with induced resistance, the wide scale application of the 
phenomenon is not yet established. This chapter will discuss some of the approaches that 
can be utilized in progressing toward the practical application of induced systemic 
resistance. 
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2. Induction of Resistance in Plants 

Research in laboratories world-wide has demonstrated immunization in over 25 crops, 
including cereals, cucurbits, legumes, solanaceous plants, trees and small fruits (Tuzun 
and Kuc 1991), against a broad spectrum of leaf (Dean and Kuc 1985; Kuc 1983, 1985, 
1987a,b; Tuzun and Kuc 1989, 1991) and root pathogens (Gessler and Kuc 1982). The 
extent of protection may vary among plant species. The agents involved induce a host 
response which in tum protects either treated parts of the plant (local immunization) 
(Dehne et al. 1984; Giri and Sinha 1979; Weltzien 1989) or parts of the plant distant 
from the treated area (systemic immunization) (Dean and Kuc 1985; Gottstein and Kuc 
1989; Tuzun and Kuc 1985a,b). Generally, protection persists for a long time, and in the 
case of tobacco for the life of the plant (Tuzun and Kuc 1985a). A lag period is needed 
for development of resistance (Tuzun and Kuc 1985a, 1989), and the signal for induction 
of systemic resistance in cucumbers and tobacco is graft transmissible (Jenns and Kuc 
1979; Tuzun and Kuc 1985b). Translocation of the signal can be prevented by girdling 
(Guedes et al. 1980; Tuzun and Kuc 1985b), and in tobacco protection is transmitted to 
regenerants via tissue culture (Tuzun and Kuc 1987). The signal (Kuc 1987b) is of plant 
origin, and it affects developed and unopened leaves in the bud. A low molecular-weight 
chemical with signal activity has been isolated in cucumbers (L. Matthews-Faught, 
personal communications) which may have practical application. 

3. Plant Immunization In Nature 

Researchers working on induced systemic resistance are often asked why are plants in 
nature not universally protected against pathogens if induced resistance can occur in the 
field. There may be many answers to this question, one of which may be the lack of the 
required lag time for the activation of plant defense responses or inoculum density 
sufficient enough to induce resistance. Success of induced resistance is also dependent 
on environmental conditions (Falkhof et al. 1988; Karban 1987) and nutrient level in the 
soil (Oerke et al. 1989). Many of us involved in field research, however, have 
periodically observed some "unexplained" results. During the 1984-1985 growing season 
in Puerto-Rico, we observed that unsprayed control tobacco plants had significantly less 
blue mold symptoms than those sprayed with a contact fungicide (mancozeb). One might 
immediately assume that the mancozeb treatment increased susceptibility to blue mold. 
Closer examination, however, revealed that the control plants survived blue mold early 
in the crop season and somehow became more resistant to disease development in late 
season. In contrast to that, the mancozeb treatment effectively protected plants early in 
the season; however, later in the season heavy rain frequently washed off the fungicide, 
leaving susceptible leaf tissue without any protection. Indeed, surviving nontreated plants 
were protected against blue mold the rest of the season. In Mexico, cooperators talked 
about selecting so-called "resistant individuals" from the field and how they were 
subsequently disappointmented when none of the progeny was resistant (Tuzun et al., 
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1992). This examples supports the contention that induced systemic resistance exists 
under field conditions. 

Although most of the research on plant immunization has been conducted in the 
laboratory and greenhouse, there are a number of reports indicating its effectiveness in 
protecting crop plants under field conditions (Halasz 1965; Cox et al. 1976; Caruso and 
Kuc 1977; Metlitski et al. 1978; Giri and Sinha 1979; Dehne et al. 1984; Tuzun et al. 
1986, 1991, 1992; Steiner et al. 1988). In the following sections we will give detailed 
examples of some of these studies which describe the feasibility of manipulating host 
defensive mechanisms toward practical disease control. 

4. Pathogenic Organisms as Inducers of Resistance 

Development of resistance to diseases in plants following infection has been known for 
over 60 years (Chester, 1933). In order to achieve successful protection, plants must 
recover from initial infection or must be infected at a site that does not normally become 
diseased. For example, immunization against blue mold in tobacco can be achieved by 
stem injection with live sporangiospores of the causal organism of blue mold, 
Peronospora tabacina (Cruickshank and Mandryk 1960; Tuzun and Kuc 1985a). The 
site of injection appears to be important since only delivery of spores into the tissue 
external to the xylem induces systemic resistance without stunting. In a similar way, 
protection can be achieved in tobacco varieties with the N gene for resistance to tobacco 
mosaic virus (TMV), in which the virus does not become systemic, by inoculation of two 
or three bottom leaves with TMV (Ye et al. 1989). More interestingly, both of these 
pathogens induce resistance against either pathogen equally well, which may indicate 
activation of multiple mechanisms once the state of resistance is achieved. 

The systemic protection of tobacco against blue mold is somehow unique since it 
was first reported on systemically stem-infected and stunted field-grown tobacco in 
Australia (Pont 1959). Extensive field tests conducted over a 3-year period in Kentucky 
and Puerto Rico utilizing a modified technique (which employs injection of a 
sporangiospore suspensions of P. tabacina into stem tissue external to the xylem) further 
indicated that tobacco plants can be protected against blue mold under various field 
conditions (Tuzun et al. 1986). These tests indicated that immunized plants had reduced 
lesion number and size compared to the nontreated controls, and the level of protection 
obtained by stem injections with P. tabacina was comparable to that obtained by 
treatment with metalaxyl. Furthermore, even in the absence of disease, immunized plants 
grew more vigorously and yields were increased up to 20%, compared to controls (Tuzun 
et al. 1986). Further field experiments were conducted in Mexico for three growing 
season to test the effectiveness of immunization against-metalaxyl-tolerant strains of P. 
tabacina (Tuzun et al. 1992). Highly significant reductions in the number and size of 
blue mold lesions were observed on plants injected with P. tabacina, compared to 
noninjected controls, regardless of metalaxyl applications. Some vigorously growing 
plants with necrotic stem lesions but markedly reduced blue mold on the foliage were 
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observed in heavily infected commercial fields indicating the natural occurrence of 
immunization against blue mold in the gulf coast of Mexico (Tuzun et al. 1992). 
Tolerance to immunization was not evident, although conditions for its development were 
very favorable. In field trials, plants derived via tissue culture from immunized parents 
were also protected against blue mold compared to plants derived from control parents 
(Tuzun and Kuc 1987). 

Cucurbits have been utilized as a model system to establish many aspects of plant 
immunization, including applicability of the phenomenon to the real world. Cucumbers 
can be protected in the field by application of biological as well as chemical inducers 
(Caruso and Kuc 1977; Doubrava et al. 1989; Gottstein and Kuc 1989; Mucharromah 
and Kuc 1989). 

These studies provide evidence that immunization of plants with biotic or abiotic 
inducers effectively controls disease in the field. Utilization of pathogenic organisms in 
the field, however, may create problems if handled carelessly. Culture filtrates of 
pathogenic organisms may provide a safer alternative, and several studies have indicated 
induction of resistance in many crop species by microbial metabolites (Trivedi and Sinha 
1976; Dehne et al. 1984; Doke et al. 1987; Kopp et al. 1989; Maiss 1987; 
Ozeretskovskaya et al. 1988). Avirulent, hypovirulent and/or attenuated strains of 
pathogenic organisms (Kroon et al. 1991; Martyn et al. 1991; Sneh et al. 1989; van 
Asch et al. 1992) as well as L-forms of pathogenic bacteria (Amijee et al. 1992) may 
provide additional alternatives. Cabbage plants were successfully protected against the 
black rot pathogen, Xanthomonas campestris pv. campestris (XCC) , under field 
conditions by prior application of attenuated strains of XCC or an isolate of 
Xanthomonas campestris pv. malvacearum, nonpathogenic on cabbage (Jetiyonan et al. 
1993). In these experiments, conducted at several locations over two years, inducing 
bacteria were introduced into natural openings of leaves utilizing an organosilicone 
surfactant (Silwet) prior to transplanting and three weeks prior to pathogen challenge. 
Utilization of silwet to introduce organisms into leaf tissue may have a large scale 
practical application by eliminating the need for injection. 

5. Nonpathogenic Organisms as Inducers of Resistance 

Non-pathogenic organisms that have been utilized by several research groups to induce 
resistance include suspensions and/or culture filtrates of saprophytic bacteria (Schmidt 
1988; SchOnbeck et al. 1980) such as Bacillus subtilis (Mais 1987; Oerke et al. 1989), 
B. thuringensis (Roveratti et al. 1989), B. pumulis and Erwinia herbicola (Reiss et al. 
1988), and saprophytic fungi (Gregersen and Smedegaard-Peterson 1989). There are also 
several reports that suggest induction of resistance by mycorrhiza against fungi 
(Rosendahl 1985), bacteria (Garcia-Garrido and Ocampo 1988) and nematodes (Carling 
et al. 1989). Although most of these studies are conducted in controlled environments, 
spraying plants with B. subtiUs effectively controlled powdery mildew on barley under 
field conditions (Oerke et al. 1989). 
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Application of inducing agents to leaf surfaces makes the inducing agents more 
susceptible to stress conditions such as UV irradiation, rain washing, and temperature 
fluctuations. Application of good root colonizers to seed or soil may protect inducing 
agents from some of these negative effects. Recently, studies in our group and others 
indicated a subgroup of rhizosphere bacteria, and fungi can effectively induce resistance 
in plants while providing other beneficial effects to plants (Kloepper et al. 1993, Meera 
et al. 1993; Tuzun and Kloepper 1994). Free-living root and soil bacteria have been 
studied for the past century as possible inoculants for enhancing crop productivity. 
Utilization of natural microbial strains as inducers of plant defensive responses may 
increase the chance of their applicability and offer a practical way to deliver plant 
immunization. Since plant growth-promoting rhizobacteria (PGPR) are beneficial to 
plants in many ways, and they may provide a mean for practical application of induced 
resistance by seed or soil application, we will review the studies in this area in detail. 

6. Plant Growth-Promoting Rhizobacteria (PGPR) as Inducers of Disease Resistance 

Beneficial effects of PGPR that have been documented by many research groups can be 
summarized as: (1) direct plant growth promotion (Kapulnik 1991; Schroth and Becker 
1990), (2) biological disease control (Bakker et al., 1991; Kloepper 1991, 1993; 
Schippers et al. 1991; Schroth and Becker, 1990), and (3) inducing host resistance 
(Kloepper et al. 1993; Tuzun and Kloepper 1994). The reports summarized in these 
reviews include the effects of many different bacterial groups on many host plants. 
Plant growth-promoting fungi (PGPF), however, have been described more recently 
from the rhizosphere of turf grass (Hyakumachii et al. 1992), and such fungi also appear 
to induce systemic resistance against antrachnose disease caused by Colletotrichum 
orbiculare in cucumber plants (Meera et al. 1993). 

Although it was suggested previously (Scheffer 1983; Voisard et al. 1989), direct 
pathological evidence for the induction of systemic resistance by PGPR was first 
published for three plant-pathogen systems in 1991. In a carnation system applications 
of Pseudomonas sp. strain WCS417 to rockwool cubes resulted in protection from wilt 
caused by Fusarium oxysporum f. sp. dianthi (van Peer et al. 1991). The pathogen was 
spatially separated from the PGPR strain by inoculating into stems one week after PGPR 
application, and separation was confirmed by the failure to isolate WCS417 from stems. 
In a bean system, seed treatment with a P. fluorescens PGPR strain led to reductions 

in the numbers of foliar lesions caused by subsequent inoculations of P. syringae pv. 
phaseolicola (Alstrom 1991). In another report with cucumber, 94 known PGPR strains 
were examined for ability to control C. orbiculare (Wei et al. 1991). Six PGPR strains 
applied as seed treatments consistently resulted in significant reductions in anthracnose 
lesion diameters and lesion numbers when the pathogen was applied 21 days after 
planting. In a subsequent study with the 6 inducing PGPR (Kloepper et al. 1993), none 
of the inducing strains was recovered from leaf petioles, confirming the spatial separation 
of pathogen and PGPR. These reports with carnation, bean, and cucumber demonstrate 
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that saprophytic root-associated bacteria may act as agents of induced systemic resistance, 
and hence, they serve to expand the potential mechanisms by which PGPR may exert 
biological disease control. 

Current work in our laboratories is underway to determine the spectrum of 
protection achieved with two of the inducing PGPR strains used by Wei et al. (1991) on 
cucumber. Both strains, applied as seed treatments, significantly reduced mean diameter 
of lesions induced by foliar-applied C. orbiculare. PGPR-mediated protection against 
cucumber mosaic virus (CMV) is affected at the viral inoculation site. One PGPR strain 
significantly protected against CMV that was mechanically inoculated onto cotyledons 
(Liu et al. 1992). Protection was evident as prevention of symptom development on 
PGPR-induced plants, which differs from protection reported against CMV for classical 
induced systemic resistance (Bergstrom et al. 1982). With classical induced resistance, 
CMV symptoms were delayed but not prevented. With the PGPR system, both strains 
delayed, but did not stop, symptom development when CMV was inoculated onto the 
first, second, or third leaves, which is equivalent to results with classical induced 
resistance. The same two PGPR strains induced protection of cucumber against 
Pseudomonas syringae pv. lachrymans as seen by a significant reduction in mean lesion 
number and lesion size compared to noninduced controls (Liu et al. 1993a). 

Preliminary studies with Fusarium wilt demonstrate that one PGPR strain reduced 
the rate of symptom development and plant death (Liu et al. 1993b). With Fusarium, 
a split root system was used to ensure spatial separation of PGPR and the pathogen. 
PGPR were applied to one-half of the roots after splitting, and Fusarium was 
incorporated into the soil in which the other half of the roots were growing. While this 
system demonstrates the potential to use PGPR-mediated induced resistance for protection 
from a soilborne vascular wilt pathogen, it is fundamentally different from the other 
PGPR systems which use seed treatments. PGPR applied as seed treatments may induce 
systemic resistance earlier in the plant's life, and hence, more work is needed to compare 
the biochemical responses of plants induced by seed and root treatments with PGPR. 

Several studies have indicated that specific PGPR may stimulate the production of 
biochemical compounds associated with host defense. Van Peer and his colleagues 
(1991) observed increased accumulation of phytoalexins in carnation plants treated with 
PGPR (isolate WCS417) following pathogen inoculation. In a bean system, Hynes & 
Lazarovits (1989) found that levels of a PR-protein increased in leaves following seed 
treatment with PGPR strains. Plant root colonization by PGPR was associated with 
increased peroxidase activity (Albert and Anderson 1987) and enhanced lignification of 
stems or leaves in bean (Anderson and Guerra, 1985) and wheat (Frommel et al. 
1991). Inoculation of bean roots with a P. putida PGPR strain led to an increased 
abundance of mRNA encoding PRla protein in leaves (Zdor 1992). These reports 
clearly demonstrate that particular bacteria inoculated onto seeds or roots may elicit 
systemic physiological changes in plants. 

Early investigations with PGPR-mediated induced resistance in cucumbers suggested 
that the biochemical response of the plant may depend on the inducing PGPR strain. 
Some inducing PGPR were associated with enhanced peroxidase activity similar to that 
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observed with classical induced controls (Wei et al. 1992). Some, but not all, inducing 
PGPR strains were associated with enhanced mRNA encoding acidic chitinases (Wei 
1993). It will be necessary to conduct further biochemical investigations of how PGPR­
mediated and classical induced resistance affect host defense-related compounds. 

Two field trials were conducted with PGPR on cucumber in 1992 and two in 1993 
to compare disease protection levels of PGPR-mediated and classical induced resistance. 
PGPR were applied as seed treatments, and classical induced resistance was achieved 

by inoculation of the first leaf with C. orbiculare. In the first trial, plants were 
challenge-inoculated with P. syringae pv. lachrymans. Compared to the noninduced 
control plants, all those treated with PGPR showed significant reductions in mean lesion 
diameter, whereas those treated to obtain classical induced resistance showed significant 
increase in lesion diameter. Growth promotion, measured as the number of leaves per 
plant and the weight of fruit per plant, resulted from use of 2 of 3 PGPR strains. In the 
second field trial, plants were not challenge-inoculated because natural infections of E. 
tracheiphila were observed (Fig. 1). 

Figure 1. Protection of cucumbers against E. tracheiphila by PGPR seed treatment (left) 
compared to controls (right) under field conditions. 

All 3 PGPR strains, but not the classical induced resistance treatment, resulted in 
significant reductions in symptom expression. Hence PGPR-mediated induced resistance 
can be observed under field conditions and, at least in some cases, may lead to superior 
plant protection from classical induced systemic resistance. 

7. Plant-Derived Materials as Inducers of Resistance 

There are several reports indicating the resistance- inducing activity of plant extracts as 
well as components of plant extracts (Doke and Chai 1985; Doubrava et al. 1988; Giri 
and Sinha 1979; Kopp et al. 1989; Salt et al. 1986; Yamada et al. 1990). Doubrava 
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et aZ. (1988) found that treatment of first leaves with spinach extracts induced resistance 
against C. orbicuZare in cucumber. Further studies determined that oxalic acid in 
spinach extracts was the active entity (Doubrava et aZ. 1988). Weltzien (1989) reported 
that compost extracts can also induce resistance against diseases. Decomposed leaves or 
leaf extracts of AegZe manneZos induced resistance against Sclerotinia sclerotium in 
chickpea (Singh et aZ. 1990). Aqueous extracts of healthy barley leaves induced 
oversized papillae formation and in tum resistance to powdery mildew in barley seedlings 
(Yokoyama et aZ. 1991). These studies, although limited, indicate the biological 
diversity of inducers which can have practical applications. 

8. Chemicals as Inducers of Resistance 

In addition to treatment with oxalates (Doubrava et aZ. 1988), dipotassium/sodium or 
tripotassium/sodium phosphates (Gottstein and Kuc 1989; Mucharromah and Kuc 1989; 
Walters and Murray 1992), treatments with other chemicals such as unsaturated fatty 
acids (Cohen et aZ. 1991); dinitro aniline herbicides (Cohen et aZ. 1992), salicylic acid, 
7-methanocarbonyl benzol-l,2,3-thiadiazol, ethaphon (Okuno et aZ. 1991), chitosan 

Figure 2. Protection of tobacco against metalaxyl-tolerant strains of P. tabacina by 
application of 3-n-butyryoyl-B-ionone (left) compared to controls (right). Mexican cigar 
tobacco was protected against natural stem infection of plants with the fungus as well as 
leaf infections by weekly application of the inducer. Over 90% of the untreated controls 
were stunted due to high incidence of stem infections, although, they were naturally 
protected from leaf infections due to systemic protection achieved via stem infections. 



160 

(Pospieszny et al. 1991), DL-alanine dodecylester HCL (Arimoto et al. 1991), N­
cyanomethyl-2-chloroisonicotinamide (Seguchi et al. 1992), 6-ionone and 3-n-butryoyl-6-
ionone (Salt et al. 1986), and 2,6-dichloro-isonicotic acid (INA, Metraux et al. 1991) can 
induce resistance. Beta-ionone derivatives protected tobacco against metalaxyl sensitive 

and tolerant strains of the fungus in greenhouse and field trials (Salt et al. 1986; Figure 
2). Extensive field studies utilizing 6-ionone derivatives (Figure 2) and INA (R. 
Hammerschmidt, personal communications) suggest the possiblity of utilizing chemicals, 
which do not have direct activity against pathogens, effectively to induce systemic 
resistance in the field. 

9. UV-C and CO2 as Inducers of Resistance 

Exposure to low quantities of ultraviolet light (254 nm UV -C) has been shown to reduce 
post harvest diseases (Wilson and Wisniewski 1989). This effect appears to be more than 
just germicidal and indeed associated with changes in host defensive responses, such as 
increases in phenylalanine ammonia lyase activity (Stevens et al. 1991) and phytoalexin 
accumulation (Creasy and Coffee 1988; Hadwiger and Schwochau 1973; Reilly and 
Klarman 1980). UV light increases changes in transcriptional activity of plant defense 
genes similar to changes detected upon tratment with fungal elicitors in cell suspension 
cultures (Chapell and Hahlbrock 1984). Treatment of avocado fruits with CO2 increased 
the levels of antifungal dienes and in tum decreased the decay by C. gloeosporioides 
(Prusky et al. 1991). This technology could be developed for safe and effective 
immunization of fruits and vegetables to control post harvest diseases. 

10. Conclusions 

Plant immunization can be a natural, safe, effective, persistent and durable alternative 
to pesticides in controlling plant diseases. Although it has not yet been utilized on a large 
scale, there are reports of the practical application of plant immunization. For many 
years, hypovirulent strains of TMV have been used in the greenhouse (Rast 1975) and 
field (Japan-personal observation) to protect tomato against virulent strains of the virus. 
In addition to viruses, bacteria and fungi can also be used as inducers for the control of 
diseases. However, this may not be as economical in some cases, especially in areas with 
highly developed agriculture, and using pathogenic organisms may cause additional 
problems. 

Several reports reviewed in this article clearly indicate that nonpathogenic organisms 
can be used successfully to induce resistance in plants. Development of application 
technologies to utilize some of these organisms to provide the best protection is essential. 
Utilization of organosilicone surfactants, such as Silwet, that deliver microorganisms into 
stomates and hydathodes (Jetiyonan et al. 1993) may overcome some of the difficulties 
associated with practical application of biological inducers. Seed treatment with select 
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PGPR strains (Wei et al. 1991), or root treatment with some biologicals (Molot and Mas 
1985) may reduce the cost of application and therefore may have an immediate 
applicability. Treatment of crops with plant-derived materials and compost extracts, as 
well as UV -C and CO2 treatment of fruits and vegetables may have niches for practical 
application to control certain high-value crops and vegetables. 

Chemical inducers may provide better means of application possibilities for induction 
of resistance, providing that they are easily accessible and not harmful. Some natural 
chemicals are rather inexpensive and easily obtainable, such as phosphates used for the 
induction of resistance in cucumbers (Gottstein and Kuc 1989), while others such as beta­
ionone derivatives (Salt et al. 1986) may not be produced as economically and easily. It 
is important to note, however, the efficacy of induced resistance in plants, at least in 
some cases, depends on the environmental conditions (Falkoff et al. 1988). 

In tobacco, resistance to blue mold is transferred to progeny from immunized 
parents via tissue culture (Tuzun and Kuc 1987), and such regenerants were protected 
in the field. The use of tissue culture regenerants may [md practical field application with 
plants such as tobacco which are transplanted to the field. Plant immunization may also 
provide means to add additional resistance to commercially available varieties bred by 
conventional techniques or to improve their resistance. 

Plant immunization may find its niche in sustainable agriculture as one of a variety 
of practices that promote plant health and reduce plant disease. Reduction of the use of 
synthetic pesticides for disease control through plant immunization may be most practical 
in Integrated Pest Management programs where the level of defense reactions in the 
plants could be detected by assaying indicator enzyme activities prior to a booster inducer 
application or treatment with pesticides. 

In order to take advantage of plant immunization, a plant's natural means of 
protection against disease, we need more applied research to stimulate the interest of 
industry in commercialization of current methodologies and participating in the 
development of new technologies. We also need to change our current thinking about 
plant protection. Plants can be immunized and perhaps we are harming ourselves by the 
application of pesticides to stop fungal activity in the early stages of plant development 
when the induction process is most effective. If we wish to reduce pollution and strive 
for a healthful environment for our children, we must consider alternatives to pesticides 
for the control of plant pests and diseases. It appears logical to take advantage of 
mechanisms which helped plants withstand the test of time and contributed to the survival 
of plants throughout evolution. Hopefully, we will someday utilize plant immunization 
in an integrated program for plant protection. 
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It is difficult to understand why it has taken so long for the scientific community and 
agrichemical industry to recognize the hazards to human health and the environment of 
the increased dependence on pesticides and to acknowledge the potential of induced 
systemic resistance in plants and appreciate its significance to fundamental science and 
as a technology for plant disease control. The early reviews by Chester (Chester, 1933) 
brought together many descriptions of the phenomenon. This was followed by the well 
documented experiments by Ross and his colleagues (Ross, 1966), primarily with N-gene 
tobacco and tobacco mosaic virus, and by reports from my group with green bean, pear, 
apple, potato, cucumber, muskmelon, watermelon and tobacco and a broad spectrum of 
pathogens including fungi, bacteria and viruses (Kuc, 1982, 1985, 1987, 1993). What 
became clear from these reports was that susceptible plants had the genetic information 
for effective disease resistance mechanisms and that these mechanisms could be expressed 
systemically for extended periods of time by prior restricted inoculation with pathogens, 
avirulent forms of pathogens, cultivar-nonpathogenic races, microbial components and 
chemicals which themselves were not antimicrobial (Kuc, 1982, 1985, 1987, 1991-1993). 
The reports eroded the concept that a gene for resistance caused the production of a 
compound which directly inhibited development of a pathogen and susceptible plants, 
lacking such a gene, could not produce the compound. It was evident that defense 
compounds were common to resistant and induced resistant plants as well as susceptible 
plants. This does not preclude mechanisms for resistance in noninduced resistant plants 
which may be in addition to those induced by biotic or abiotic agents. Examples of such 
mechanisms include the presence of a preformed antimicrobial compound at the plant 
surface, e.g. duvatriendiols in tobacco leaves, steroid glycoalkaloids in potato tuber peel; 
leaf surface features which are not conducive to penetration of a fungal pathogen through 
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stomata; presence of compartmentalized antifungal agents which are released after injury 
caused by infection, e.g. glycosides of phenolic compounds and their hydrolytic and 
oxidative products. Underlying such mechanisms, however, are the general response 
mechanisms for resistance common to resistant and susceptible plants. 

The early pioneer research with phytoalexins established many basic principles valid 
for induced resistance. Plants respond to pathogens and nonpathogens by synthesizing 
low molecular weight, generally lipophilic compounds which inhibit the growth of fungi 
and bacteria in vitro and accumulate at the sites of infection to levels which inhibit the 
development of some pathogens. Phytoalexins have a broad antifungal spectrum of 
activity, and specific phytoalexins are not produced in response to infection by specific 
pathogens. This lack of specificity with regard to production and action evident for 
phytoalexins is also evident for other defense compounds, e.g. lignin, chitinases, 
6-1,3-glucanases, hydroxyproline-rich glycoproteins, anti-fungal pathogenesis-related 
proteins and callose. Structural similarities, however, are evident for phytoalexins within 
plant families. Thus, isoflavonoid and pterocarpan phytoalexins are produced in the 
Leguminosae but not the Solanceae, and sesquiterpenoid phytoalexins are produced in the 
Solanceae but not the Leguminosae. Further specificity for phytoalexins is evident within 
families, e.g. phaseollin is produced by green bean and not pea, pisatin is produced by 
pea and not green bean, and capsidiol is produced by tobacco and pepper but not potato. 
Phytoalexins have most often been reported as defense compounds against fungi, less 
often against bacteria, and it is difficult for this author to see a role for phytoalexins in 
resistance to viruses. 

It is clear that phytoalexin structures and activity do not explain the often high 
specificity in plant-pathogen interaction. Biotic and abiotic agents cause phytoalexin 
synthesis and accumulation. The genes for the synthesis of phytoalexins are present in 
resistant and susceptible plants, even those reported to lack genes for resistance to a 
pathogen (Kuc, 1991, 1992). Specificity with phytoalexins probably resides in the 
regulation of the rapidity and magnitude of their synthesis and accumulation and this is 
under genetic control of host and pathogen. As with phytoalexins, all other suggested 
defense compounds produced by a given plant (lignin, phenolic cross-linked cell wall 
polymers, hydroxyproline-rich glycoproteins, callose, thionins, chitinases, 6-
1,3-glucanases, peroxidases, phenoloxidases and non hydrolytic antifungal 
pathogenesis-related (PR) proteins) can be produced equally well by susceptible and 
resistant cultivars given the proper conditions for elicitation. This general observation is 
the basis for induced systemic resistance. Before challenge infection, induced systemic 
resistance elevates the levels of some defense compounds and sensitizes the plant to 
rapidly produce the same or other compounds after infection. 

What initiates the cascade of events that leads to the profound metabolic changes 
associated with induced systemic resistance? All the evidence reported is in agreement 
with the proposal that a signal(s) is produced in the inoculated or chemically-treated leaf, 
stem or root, and this signal or a second signal(s) is translocated throughout the plant 
where it conditions a resistant state (Dean and Kuc, 1986, Guedes et al., 1980; Jenns and 
Kuc, 1979; Tuzun and Kuc 1985). Tissue receiving the signal has not been reported to 
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generate more signal (Dean and Kuc, 1986). Clearly, several signals may be involved 
with induced systemic resistance. The initial signal(s) would be the first produced in 
response to the infection or stress and need not be the translocatable signal(s). The 
translocatable signal(s) may result directly or indirectly in the elicitation of defense 
compounds. Different defense compounds may be elicited by different trans locatable 
signals or the trans locatable signals can give rise to secondary signals which elicit 
different defense compounds or groups of compounds. Some compounds applied to plants 
to induce resistance may function as trans locatable signals and lead directly or indirectly 
to the cascade of metabolic events leading to induced systemic resistance. 

It is unlikely that an organic chemical, synthesized in the plant as a result of infection 
or treatment with a chemical, is the initial signal. Such an organic chemical would 
require a signal to initiate its synthesis. However, a compartmentalized compound(s), 
released because of injury or metabolic perturbation, could serve as the initial signal(s). 
Compartmentalization would prevent the compound from influencing metabolism and its 
slow and persistent release could result in the cascade of signals and metabolic events 
leading to induced systemic resistance. Such a compartmentalized signal(s) might function 
as an alarm signal conditioning an umbrella response to protect the plant against 
infectious disease as well as other stresses. 

A recent report presents strong evidence that an electrical signal may be the initial 
signal for the synthesis of proteinase inhibitors in plant tissue distant from that receiving 
an injury (Wildon et al., 1992). It is unlikely that salicylic acid is the initial signal or 
translocated signal. Excision of inducer leaf one in cucumber inoculated with 
Pseudomonas syringae, before export of salicylic acid into leaf two was detected, resulted 
in induced resistance in leaf two and subsequent accumulation of salicylic acid 
(Rasmussen et al. 1991). Ethephon increases PR proteins in tobacco, with the exception 
of acidic B-1,3-glucanase, and increases N-gene resistance to TMV but not resistance to 
Peronospora tabacina (Ye et al. 1992). The increased levels of PR-proteins and 
resistance to TMV are not accompanied by increased free or conjugated salicylic acid in 
the leaf treated with ethephon or the leaves above (Kuc, 1993). Resistance could not be 
induced in transgenic tobacco plants expressing a hydroxylase which converts salicylic 
acid to catechol (Gaffney et al. 1993); however, grafted scions of tobacco not containing 
the hydroxylase gene were induced by inoculating the hydroxylase-containing rootstocks 
(Vernooij et al. 1994) That salicylic acid is not essential for induced resistance is 
further supported by the report that 2,6-dichloro-isonicotinic acid (INA) induced systemic 
resistance in tobacco plants containing the hydroxylase gene (S. Uknes, personal 
communication, 15th International Botanical Congress). Salicylic acid and many other 
compounds, including the phytoalexins, accumulate in some infected plant tissues in 
response to a signal(s). Together with ethylene, jasmonate, cytokinins and a multitude 
of other compounds which can induce resistance, salicylic acid elicits some of the 
putative defense compounds. 

Why do I refer to the defense compounds as putative? It is not evident that anyone 
of the individual defense compounds is the cause of fungal or bacterial containment in 
resistant plants. The role of the reported defense compounds in protecting plants against 
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viruses is even less certain. Collectively and in the proper chronological order of 
appearance and proper location within plant tissue relative to the location and 
development of a fungal or bacterial pathogen, some of the defense compounds may be 
effective in restricting pathogen development. Not all of the defense compounds need be 
active against all pathogens for resistance. Thus, plant chitinase would not hydrolyze the 
walls of fungi not containing chitin, but could be effective in hydrolyzing the walls of 
some fungi containing chitin. Anyone of the defense compounds also need not be 100% 
effective in containing the development of a pathogen, but collectively and in the proper 
order of appearance, several compounds may be highly effective. 

In another perspective, the putative defense compounds listed earlier may be 
considered as failed defense compounds to a successful pathogen. It could be argued that 
the successful pathogen has coped with the failed mechanisms by one or several 
strategies. These strategies include avoiding recognition by the host as non-self and 
thereby avoiding elicitation of host defense compounds during critical stages of pathogen 
development, suppression of the synthesis or activity of host defense compounds, 
detoxication of defense compounds, restriction of uptake of such compounds, ability to 
pump out absorbed compounds, and development of cell walls resistant to plant 
hydrolases. 

Having mentioned the possibility of failed defense mechanisms, I also believe it is 
important to introduce a second philosophical consideration. Do a few exceptions negate 
a generalization? High and rapid phytoalexin accumulation associated with susceptibility 
in a given plant-pathogen interaction need not mean that phytoalexins do not have a role 
in plant defense. Not all the defense compounds need be effective against all pathogens 
under all environmental conditions. The question of how the successful pathogen copes 
with the multiple defense mechanisms is as important to answer as is the elucidation of 
the mechanisms. 

Aside from providing information relevant to mechanisms for disease resistance and 
their regulation, induced systemic resistance provides a technology for disease control 
which has the potential for reducing our dependence on chemical pesticides. Induced 
systemic resistance is likely to be as safe for health and the environment as disease 
resistant plants since the reported mechanisms activated in both are the same. Foreign 
genes are not introduced. Induced systemic resistance is systemic, persistent and 
mUlticomponent with different sites responsible for activity of the different components. 
Therefore, it is likely that induced systemic resistance will be stable compared to single 
metabolic site-directed chemical pesticides. It is not necessary to establish the nature of 
the translocated signal, mechanism for signal transduction or even to identify all 
components of the multiple response before utilizing induced systemic resistance 
technology for practical disease control. What is necessary is to refine the technology and 
improve formulation of the active agents to maximize the effectiveness, persistence and 
reliability of induced systemic resistance. Since compounds as simple and safe as di- and 
tripotassium phosphate and isonicotinic acid can be used to induce systemic resistance, 
the technology is not limited to the use of microorganisms as inducers (Mucharromah and 
Kuc, 1991; Gottstein and Kuc, 1989; Staub et ai. 1993). We are fortunate that people 
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did not wait for the elucidation of the metabolic mode of action of aspirin before using 
it as a pain-killer. There are numerous examples where induced systemic resistance has 
successfully been applied for disease control in the field. They will be considered in 
subsequent chapters. In my research group, we have demonstrated the effectiveness of 
induced systemic resistance in the field for cucumber, muskmelon, watermelon and 
tobacco (Kuc, 1987; Kuc and Strobel, 1992; Caruso and Kuc, 1977; Gottstein and Kuc, 
1989; Tuzun et ai. 1986; Tuzun et ai. 1992). 

What are the problems to be faced in the application of induced systemic resistance 
for practical disease control? Induced systemic resistance has recently received a great 
deal of attention because of the increased concern for health and the environment, 
increased restrictions on the use of chemical pesticides, the withdrawal of many effective 
pesticides from use and the increased costs of developing, testing and marketing new 
products. The use of chemicals as inducers of systemic resistance offers an exciting 
possibility for disease control since their use would be compatible with existing foliar 
spray and soil application equipment. Compounds used as inducers, however, must be 
safe for animal health and the environment, otherwise we have merely substituted one 
chemical problem for another. Many of the compounds my research group developed for 
induced systemic resistance are on the U.S.A. Environmental Protection Agency's list 
of compounds exempt from tolerances. Thus, development of safe inducers is not a major 
hurdle to be overcome before utilizing induced systemic resistance. Commercialization 
of safe, inexpensive, effective and easily obtained chemicals for plant disease control 
may, however, be difficult. Pesticide research and commercialization have largely been 
driven by the ease of obtaining a patent monopoly and a highly profitable product. 
Though costs for development and production of compounds for induced systemic 
resistance would likely be far less than for existing organic pesticides, it is doubtful that 
major agrichemical companies would be anxious to rush into the commercialization of 
a product that could be purchased at the local pharmacy or supermarket. A smaller, 
environmentally-oriented company might be a more likely candidate. Such a company 
might recognize that proper formulation of a mix of active ingredients could become a 
major money maker, while at the same time serving the best interests of agriCUlture, the 
environment and the consumer. Companies make profits selling products ranging from 
yogurt to fertilizer without the need of patents. 

Problems of the variability of effectiveness of induced systemic resistance under 
varying climatic and agronomic conditions, encountered with biological control in 
general, must be addressed. Induced systemic resistance depends upon a physiological 
response by the plant and therefore can, under certain conditions, be less consistent than 
chemical pesticides which kill the infectious agent. Induced systemic resistance utilizes 
the plant's own defense mechanisms to restrict development of pathogens. It has the 
advantage of controlling a broad spectrum of plant diseases including those caused by 
viruses and bacteria for which effective and economically-sound chemical pesticides are 
not available. Continued research directed at understanding the induction and regulation 
of induced systemic resistance and the defense compounds would help in maximizing 
reliability. Induced systemic resistance need not be an "either or" technology. Induced 
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systemic resistance readily integrates into a program utilizing disease resistant plants, 
biocontrol, genetic engineering and appropriate pesticides. Induced systemic resistance 
could not only decrease the quantity of pesticide needed for disease control but could also 
increase the effectiveness and useful life of those on the market. 

Development of new technology to solve a problem often creates a new problem for 
which we need a new technology. Induced systemic resistance is not a final solution to 
all plant disease problems. It does deserve to be extensively and vigorously explored for 
its potential in providing an effective, inexpensive, natural, consumer- friendly and 
environmentally-friendly technology for plant disease control. 
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