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Signaling in plants during induction of
resistance against pathogens

H. Shekar Sheuy* and Vasanthi U. Kumar

In plants, initial pathogen infection induces resistance against further infection. The resistance
thus induced can be svstemic, long lasting and ¢ffective against a broad spectrum of pathogens.
This response is fermed as ‘systemic acquired resistance’ (SAR). It is an important component
of plant defense against pathogen infection. It offers protection against a broad spectrum of
micro-organisms similar to immunization in mammals. In recent years, tremendous progress has
been made in understanding the molecular events that take place in the initiation and maintenance
of SAR. Development of resistance is correlated with the accumulation of salicylic acid (SA)
as well as the expression of a number of pathogenesis-related (PR) proteins. The role of
systemic signals like salicylic acid, ethylene, jasmonates and electrical signals linking SAR and
defense responses are detailed. The underlying mechanisms of immunization in plants and
animals are discussed with special emphasis on the role of receptors and secondary messengers.

PLants, like animals, are constantly exposed to pathogen
attack and different types of relationships, Viz.
non-interaction, beneficial interaction and harmtful inter-
action, exist between plants and microbes. The final
outcome of such interactions is generally controlied by
the genetic composition of the host and also the envi-
ronmental conditions influencing the pathogen attack’.
Several lines of evidence have shown that all plants
respond to a pathogen infection by the induction of an
array of defense compounds®, the time and degree of
expression of which ditferentiates a susceptible plant
from a resistant one’. The faster response to pathogen
infection results in the enhanced resistance in an oth-
erwise susceptible plant. Induction and enhancement of
a plant's own defence mechanism without genetic ma-
nipulation, in response to an extrinsic stimulus 1s called
‘induced resistance’. It is a biological plant protection
in which the plant is the target for modification and
not the pathogen. Here protection is based on the
stimulation of defense mechanisms through metabolic
changes that enable plants to detend themselves more
effectively. By definition, it is the opposite of constitutive
resistance mechanism and is also not induced by wound-
ing or osmotic stress’. The induced resistance usually
needs a time lag period for development of resistance,
non-specific with respect to the inducing agent or re-
sultant biotogical spectrum of activity and effective for
several weeks to months®. Functionally, induced resis-
tance can be differentiated into systemic acquired resis-
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tance (SAR)® and localized acquired resistance (LAR)".
SAR results from a low level of persistent metabolic
stress caused by infection or chemical treatment rather
than a specific response to the inducing agent and
protects parts of the plant distinct from the treated area.
LAR is detected only in areas immediately adjacent to
the site of attempted penetration by the pathogen and
is often accompanied by rapid collapse and dissociation
of tissue (hypersensitivity) and with increase 1In
phytoalexin (Figure 1). It appears to be due to a natural
consequence of incorapatible interaction between plants
and pathogens and restricts to the site of prior INOCU-
lation®. The methods used to induce systemic resistance
have been more complex than those used for localized
resistance because SAR involves two separate inocula-
tions with variations in space and time that are more
difficult to quantify®.

The natural phenomenon of resistance called ‘plant
immunity’ had been recognized as early as 190} (refs
7 and 8). The first review’ on alterations of resistance
after infection includes many descriptions of ‘acquired
physiological immunity’ in plants. However, detailed
analysis of induced resistance started only in 1960s after
reproducible biological models were developed™®. Since
then, the efficiency of induced resistance In controlling
plant diseases has been demonstrated in more than 25
crops that include bean, peas, apple, potato, cucumber,
tomato, melons and cereals against a broad spectrum of
pathogens like bacteria, fungi and viruses''". Induced
resistance and the accompanying molecular events are
much better characterized in dicots than 1In monocots'®.
In barley and wheat-induced resistance occurs only lo-
cally'®, while in rice'’ and pearl millet'" it has been
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reported to occur systemically. Induced resistance in
monocots appears to be the result of complex processes
in plant metabolism'®. While increased activities of
chitinases and glucanases are often correlated with
systemic-induced resistance in dicots'™'?, these correla-
tions are not shown clearly for monocots'®*.

Acceleration of plant defense can be achieved by
various biotic and abiotic agents*'*?'"*, In the last few
years, application of resistance elicitors derived from
various sources®® has proved to protect crop plants in
an ecofriendly manner. There are many reports that
demonstrate the operation of induced resistance using
either the pure form or crude mixture of biotic and/or
abiotic elicitors®*. Induction of SAR by seed treatment
with inducers like chitosan®® and benzothiadiazole'® have
been proved to be a practical approach to deliver the
benefits of SAR and ofter an advantage over the other
control measures of easy application under commercial
agricultural conditions.

SAR appears to be the result of several mechanisms
which together are effective against a wide range of
micro-organisms. It has been proposed that induced
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Schematic representatton of LAR and SAR m planis. The
lower fcaf was prior inoculimed with biotic/abiotic inducers, Challenpe
inocufated with the disease-causing organisms, SAR: Syswemic Acqutred
Resistance; LAR: Local Acquired Resistance.

Fipure 1.
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resistance 1s mediated by endogenous signal(s) that are
produced in the infected leaf and translocated in the
phloem to the other parts where it activates resistance
¥’ Signal transduction pathway (STP) that
is initiated locally at the site of pathogen attack?' leading
to SAR, correlate with systemic accumulation of several
defense responses. Induction of a set of classes of
mRNAs that are coordinately induced with the onset of
SAR has been characterized as a set of gene families
called SAR genes®®. SAR is associated with the expression
of a number of genes, including pathogenesis-related
genes, during the establishment of the resistant state?~2,
Signaling mechanism leading to the observed differential
temporal and spacial distribution of various components
of the plant’s defense response is complex and involves
more than one pathways (Figure 2) and can be achieved
through alterations in the morphology, biochemistry and
developmental processes. Recent interest in the study
of signal transduction has suggested the involvement of
various signal molecules in the activation of a resistance
state 1n plants. Knowledge of STP during a plant’s
response to pathogen attack is central to the understanding
of disease susceptibility and resistance, and for appli-
cations in agricultural production and crop protection.
This review summarizes the current status of knowledge
in signaling that takes place in host plants during
response to induction of resistance.

Signaling during systemic resistance

Though for several years signaling in plant diseases has
been hypothesized, the concept gained credence only
after establishment of SAR. The responses that lead to
the activation of SAR can be divided into two phases —
initiation phase and maintenance phase®. During the
initiation phase, the pathogen infection is recognized
and a signal is released to distant tissues for systemic
resistance. Apparently, the signal molecule(s) travel
through the phloem since studies have shown bi-
directional operation of resistance’’. The systemic signal
is perceived by target cells which react by expressing
both SAR genes and resistance. The maintenance phase
refers to the period of time during which the plant 1s
in a quasi steady-state when disease resistance is main-
tained*. During signal transduction, activation of intra-
cellular and intercellular transfer occurs that leads to
systemic protection through elicitation of defense com-
pounds'®., The resistance-inducing agent itsclf may act
as the signal or it may trigger the synthesis of yet
unknown signal compounds from the cells of initial
necrosis that are translocated systemically in the plant-
triggering resistance in adjacent and distant tissues™ ., A
compartmentalized compound released duc to injury or
metabolic perturbation is suggested to serve as the initial
signal resulting in the cascade of signals and metabolic
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events leading to induced resistance'’. Such compart-
mentalized signals function as an alarm signal cands-
tioning an umbrella response to protect the plant against
infectious diseases as well as other stresses. In reg¢ent
years, many types of chemical and nonchemical putative
signal molecules have been hypothesized 10 be involved
in the systemic detfense response! =",

Role of plant-derived substances in signal
transduction

Application of biochemical, molecular and genetic
techniques has identified key components of the signaling
pathways leading to defense responses. SA, a benzoic
acid derivative has been suggested to be an endogenous
sicnal for SAR as its exogenous application has been
shown to induce resistance to a variety of bacterial,
fungal and viral pathogens™*'. SA is shown to be an
endogenous phloem mobile compound that increases in
concentration at the onset of SAR in cucumber®' and
Arabidopsis™*. Endogenous SA level has been correlated
to the induction of PR proteins™ ™. Also, exogenous
application of SA induces the same SAR genes that are
expressed following biological SAR induction™*’. Par-
ticipation of SA in plant defense has been demonstrated
through transgenic plants as well. Studies with transgenic
tobacco® and Arabidopsis™>* expressing the nahG gene

coding for the enzyme salicylate hydroxylase (which

K+

Cell Wall a PKA

1,0,

T

SA
®
1P, —

1 .
@, [DAG] [cAMP_

Cl 0

I I X

weZ | H T =

Protein phosphorylation &
dephosphorylaton

S il e b ey B il rulem, ppuiegl

converts SA ta catechol) from Pseudomonas putida
demonstrate that the plants that accumulate hittle SA
showed reduced or no PR gene expression and fail to
establish SAR. In potato expressing the nahG gene,
induced resistance is strongly decreased, indicating that
SA might be a necessary component in the induction
of SAR in potato’. SA has been observed as a Jong
distance signal in tobacco®® and cucumber®’ infected with
tobacco mosaic virus (TMV) and tobacco necrosis virus
respectively. Local and systemic increase in endogenous
level of SA in tobacco plants 1noculated locally with
TMV were observed®, Suggestions that SA is not the
translocated SAR signal come from the studies on
cucumber”, and also on tobacco through grafting
experiments between nahG and wild type®™ and with
transgenic tobacco expressing the cholera toxin gene™.
Also, in a few cases, PR gene expression and SAR are
recorded in a SA-independent manner as in Pseudo-
monas-induced resistance of Arabidopsis®’'. However in
a recent report it has been shown that SA along with
other compounds accumulate in infected host tissue 1n
response to a signal and elicit defense compounds along
with a multitude of compounds®*. In cucumber inoculated
with Pseudomonas syringae, the first measurable effect
of the mobile signal for SAR is the stimulation of PAL
which precedes a transient increase in SA and 4-
hydroxybenzoic acid®. If SA cannot accumulate, it is

shown to certainly block the SAR signal transduction
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Figure 2. Schematic representation of signal transduction pathway thal leads to the expression of defense-related genes in plants, P-pathogen;
E-clicitor; R-receptor; PX A-protein kinase A; PKC-protein kinase C; PLC-phospho lipase C; PIP,-phosphotidyl inositol diphosphate; DAG-diacyl
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pathway>™**>, Details on the understanding of the way
in which SA is related to SAR come from the studies
on the biosynthesis of SA in potato® and intermediates
of SA biosynthesis in tobacco®. In potato, it is shown
that synthesis of SA induced by arachidonic acid 1avolves
phenylalanine ammonia lyase™. Involvement of benz-
aldehyde and benzyl alcohol promoting SA accumulation
and expression of disease resistance is reported in tobacco
and they provide insight into the early steps of SA
biosynthesis™.

Plant growth substances like ethylene, jasmonic acid,
abscissic acid and systemin have also been identified
as defense signals in plants®®”*. Ethylene, a volatile
plant hormone derived from methionine is involved in
numerous physiological processes®. Production of
ethylene upon wounding, pathogen infection and elicitor
treatment has been reported®®'. Ethylene has been
suggested to act as a signal molecule of SARY™* as
well. Support for a role for ethylene in disease resistance
is based on the following observations—exogenous
application of ethylene to tobacco carrying the N gene
for resistance to TMV results in resistance to TMV as
evidenced by the decreased size of necrosis®, accumu-
lation of PR proteins™, hydroxyproline-rich cell wall
proteins®?, defense-related enzymes such as phenylalanine
ammonia lyase, chalcone synthase and vacuolar hydro-
lases®™ and lignification®’. However, ethylene application
not demonstrating heightened resistance suggests that it
may not be directly involved as a signal for disease
resistance. In an attempt to clarify the role of ethylene
in SAR, it is observed that chemically induced SAR is
not an ethylene-dependent process in Arabidopsis and
ethylene may play a role in SAR by enhancing tissue
sensitivity to the action of SA®™. SAR gene expression
in ethylene-insensitive mutants of Arabidopsis 1s similar
to that in wild type plants®. Ethylene has been reported
to be the intermediate in SA-induced synthesis of
chitinase in tobacco™ and wound-induced proteinase
inhibitor genes in tomato®’, thus supporting the fact that
ethylene modulates the expression of resistance. It has
been postulated that rhizobacteria-mediated induced sys-
temic resistance in Arabidopsis follows a novel signaling
pathway in which components from the jasmonate and
ethylene response are engaged successively to trigger a
defense reaction that is regulated by NPR1 (non expressor
of PR genes). NPR 1 differentially regulates defense
gene expression depending on- the signaling pathway
that is activated upstream of it

Jasmonates (JA) are derivatives of hnolenic acid
obtained through the action of lipoxygenase (LOX)
mediated oxygenation process. Its methyl ester, methyl
jasmonate (Me JA) is volatile and analogous to ethylene
in action (for review, see 36). Both JA and Me JA
apparently act as second messengers in SARY, Induction
of resistance by JA and Me JA has been shown in
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potato against Phytophthora infestans’®, barley against
Erysiphe graminis f.sp. hordei,'’* and Arabidopsis
against Pythium mastophorum™. Also, treatment of plants
with JA and Me JA results in accumulation of antifungal
defencin’, thionine™, defense-related enzymes’' and
transcripts of jasmonate-responsive defense genes*.
Similarly, induction of resistance in rice and Arabidopsis
with their respective avirulent pathogens leads to an
increase of endogenous JA™®, It is shown that in
monocots, JA and Me JA are not involved in SAR-
mediated resistance’'. Recently, JAs have been suggested
to play a role as a master switch for the activation of
signal transduction pathway in response to predation
and pathogen attack’’®. Also, biological relevance of
JA-signaling i1n host-pathogen interaction has been
reported”®. Experiments with Arabidopsis mutant has
demonstrated that jasmonic acid signaling is essential
for protection against the soil-borne pathogenic fungus
Pythium mastophorum™.

Abscissic acid (ABA) has been suggested to play a role
in the systemic induction of resistance in bean to Collero-
trichum lindemuthianum®®. However, local resistance of
soybean to Phytophthora megasperma and incompatible
interaction in soybean and Phyrophthora megasperma were
not associated with increased levels of ABA’. Systemin
has been reported to be the systemic signal-inducing

proteinase inhibitor synthesis after wounding™ 7.

Nonchemical signals in SAR

Long distance electrical signals known as action poten-
tials* have been proposed in systemic signaling"'.
According to the hypothesis, ion redistribution across
the plasma membrane .causes biochemical changes on
both sides of the cell, resulting in an action potential
during which polysaccharide-degrading enzymes such as
polygalacturonic acid lyase, polygalacturonase, pectic
lyase and pectin methyl esterase are activated releasing
pectic fragments of biological activity. Though this
hypothesis is derived from physiological responses of
plants in response to wounding (see below), studies with
SAR in cucumber support a role for the action potential®*,
In cucurbits, the path for SAR signal movement appears
to be transmitted via sieve elements™. In tomato plants,
transmission of an action potential from the cotyledons
to the first leaf in response to wounding has becn
reported””. Also, a strong evidence for electrical signal
as the initial signal for the synthesis of proteinase
inhibitors in tissues distant from that receiving an tnjury
has been reported™. The systemic wound response of
several plant species involves the activation of proteinase
inhibitor (pin) genes and the accumulation of PIN proteins
at the local site of injury and systemically throughout
the inoculated aerial regions of the plant. Both local
and systemic accumulation of Pin 2 mRNA, due to
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application of an electric current, simtlar to treatment
by wounding or heating has been reported™*".

Induction of resistance through signaling
molecules

A number of events occur at the site of signal generation
and these events lead to the generation of various signal
molecules. Triggering of systemic response is accelerated
by host cell death caused by either the hypersensitive
response {HR) or by disease development. In cucumber,
rapid induction of acquired resistance 1s elicited by
HR". A minimum efficiency of the potential to cause
HR is needed to induce SAR responses. It is found that
the signals for the induction of acquired resistance must
be generated very early i1n the HR and before visible
death of the tissue®. Early physiological events of HR
to bacterial pathogens/inducers and their correlation with
signal gceneration for SAR include the generation ot
reactive oxygen species (ROS) such as hydrogen peroxide
(H,0,)*". Evidences suggest that H,0, and other ROS
derived compounds act as inducers of defense genes.
The ROS may directly kill the pathogen®, induce cross
linking of cell wall proteins®™ and/or enhance lignin
synthesis catalysed by peroxidase, thus creating a physical
barrier against invading pathogens” >, Also, they may
serve as secondary messengers® along with diacyl gly-
cerol, inositol triphosphate, Ca™ by inducing the genes
of scavenging ROS PR proteins and pathogen
tolerance”™*!, Involvement of ROS in triggering plant
defense by causing cell death in soybean suspenstion
cells has been reported”. Action of chemical signals
may involve binding to a receptor molecule 1n the
plasma membrane™ or an alternative site in the cell
causing specific changes in host metabolism. In tobacco
cells, a soluble protein that binds SA has been reported™.
Studies with SA report inactivation of catalase by SA
and increase in endogenous H,0, causing resistance”’.
It has been suggested that one of the early functions
of SA is the modulation of signaling pathways that
activate a sustained oxidative burst following pathogen
recognition and specific exchange of ions across the
membrane. Activation of oxidative burst stands tempo-
rarily between the earliest events such as the stimulation
of ion fluxes across the plasma membrane, proline-rich
protein and hydroxyproline-rich protein production and
the later changes in gene expression and transcription
factor”™®. Avirulence signal receptor protein interactions
probably take place in systems where ROS is a product
of exocellular matrix, the coupling is probably indirect
with at least ion channels acting upstream of the oxidative
burst”. Localized ion fluxes can be related to the
membrane depolarization that accompanies the initial
phase of HR cell death' and generation of electrical
signals. Early in HR, there is a calcium-dependent
turn-over of phosphatidy! inosttol which gives rise to
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DAG and IP-3 which facilitate activation of PKC and
mobilization of Ca’* ions, suggesting the possibility of
generation of lipid-derived signals such as jasmonic
acid'"'. Increase in the non-specific permeability of the
host cell in relation to the increased HR leads to
electrolyte leakages'”, thus affecting the ionic balance
of the surrounding cells and aiding the generation of
electric signals.

Signal transduction in plants and animals

The eukaryotes are characterized by a highly conserved
phospholipase signaling pathway for regulation of patho-
genic microbes'™”. These include activation of G protein
(trimertic GTP binding) and tyrosine protein kinase
activity for receptor—effector coupling proteins'™, phos-
phoinositide metabolism to respond to extracellular
signal'™, activation of calcium channels by a phospholi-
pase C (PLC)-generated second messenger, inositol 1,4,5-
triphosphate and involvement of Ca™ ions and protein
phosphorylation. Signaling activates the host defense
system through resistance genes that are multiple, allelic
and unstable with genetic loci and formation of protein
products that recognize a variety of molecules'™. One
of the earliest changes upon pathogen attack in plants
and animals is the rapid increase in ROS'Y. Thus,
reactions of plant cells and the vertebrates’ immune
system, T and B cells, appear to be biochemically
simifar'™!% Involvement of noninducible immunity
(NIM 1) gene product in the signal transduction cascade
leading to gene-for-gene resistance in Arabidopsis has
been reported™. The NIM 1 protein, which shows
homology to the mammalian signal transduction factor

Ik-B, suggested interaction of NIM I with an NF-kB-

related transcription factor to trigger disease resis-
tance®*, Also, the deduced amino acid sequence of N
and R gene from tobacco includes a domain that 1s
related to Toll, a regulator of disease resistance responses
in Drosophila'™'"'. Recently, similarities in pathogen
recognition, STP and some deftense responses between
plants and animals have been reported''?. These reports
suggest that SAR signaling pathway in plants is
representative of an ancient and ubiquitous defense
mechanism in higher plants™. |

Conclusions

Induced resistance by defense signaling with compounds
that have no direct antimicrobial effect 1s a recent
development that provides a novel, environmentally safe
strategy for growing healthier crops without pesticides.
It is evolving as a new generation crop protection
procedure needing a multidisciplinary assessment through
coordinated research and development programmes from
basic studies on pathogen/host genetics to field trialing.
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The nature of systemic signaling in plants is an
extremely interesting and rewarding area of research.
An understanding of this mechanism for induction and
maintenance of resistance has the potential of bringing
out new fundamental knowledge as well as development
of both novel plant protection measures and genetically
engineered plants with enhanced resistance to disease.
Identification of signal molecules 1s useful for the
development of disease management techniques using
the molecular signal substances itself (sprays or as seed
dressing) or by methods triggering these signals. SA, a
close relative of aspirin, is a natural inducer of disease
resistance of plants. SA activity initiating local and
systemic accumulation of defense-related proteins is re-
sponsible for increased disease resistance throughout the
plant. Methyl salicylate, a major volatile metabolite of
SA, produced by pathogen-inoculated parts of the plants
can also function as an airborne signal that activates
disease resistance in neighbouring plants and in healthy
tissues of the infected plants. Though there are reports
of phytotoxic effects by some of the elicitors of plant
defense signal like SA, certain companies (like Ciba-
Geigy) have introduced synthetic elicitors like
CGA 245704 for plant protection and have called it
‘plant tonic’. However, for some of the disease protection
strategies there are no data on tull scale toxicity studies
of known elicitors on higher animals. Importantly,
synthetic elicitors should be differentiated from natural
elicitors in terms of resistance or biodegradability in
the purview of environmental pollution and food safety.
Hence, plant protection regulations are important before
applying any of the elicitors for agriculture. There are
reports in the literature that demonstrate that induced
resistance can work in the field. As induced resistance
is broad spectrum and operates through induction of a
cascade of resistance rather than by acting on the
pathogen, the resistance induced should be sustainable
and durable and the pathogens should not develop
insensitivity as they do to traditional fungicides which
are single metabolic site-directed.

l. Kuc, 1., Bioscience, 1982, 32, 854-8060.

2. Lamb, C. J., Lawton, M. A, Dron, M. and Dixon, R. A., Cell,
1989, 56, 215-224.

3. Dixon, R. A, and Lamb, C. J., Annu. Rev. Pl. Physiol. Mul. Biol.,

1990, 32, 479-501.

Sequeira, L., Annu. Kev, Microbiol., 1983, 37, 51-79.

Ross, A, F., Virology, 1961a, 14, 329-339,

Ross, A., F., Virology, 1961b, 14, 34(-358.

Ray, J., Rev. Gen. Bot., 1901, 13, 45-151.

Beauverie, J., CR Acud Sci., 1901, 133, 107-110,

Chester, K. S, Q. Rev. Bind,, 1933, 8, 275-324.

Kumar, ¥V, U., Mecra, M. 5., Hindumathy, C. K, and Shetty, H. §,,

Crop Protect., 1993, 12, 458-462.

1Y, Kuc, 1., in Juduced Resistance 1o Disease in Plas  (ceds
Hammerschimidy, R, and Kue, J.,), Kluwer Acadenuc Publishers,
Netherlands, 1995, pp. 169-175,

SEM S B A

CURRENT SCIENCE, VOI.. 76, NO. §, 10 MARCH 1999

12.
| 13.
14,
15.
16,
t7.
18.
19.
20
21
22,
23.

24.
25.

26.
27.

28.
29.
30.
31.

32.

- 33,

34,

35.

36.
37.
38.

- 39,

40,

4],

Hammerschmidt, R. and Kuc, J., Induced Resistance to Disease in
Plants, Kluwer Academic Publishers, Dordrecht, 1995, p. 182.
Singh, U. P. and Prithiviraj, B., Physiol. Mol. Plant Pathol., 1997,
51, 181-194,

Jensen, B. D., Latunde-Dada, O., Hudson, D. and Lucas, J. A,
Pestic. Sci., 1998, 52, 63-69. .

Dann, E., Diers, B.,, Byrum, J. and Hammerschmidt, R., Eur. J.
Planmt Pathol., 1998, 104, 271-278.

Steiner, U. and Shonbeck, F., in Induced Resistance to Disease in
Plants, Kluwer Academic Publishers, Dordrecht, 1995, pp. 86-110.
Manandhar, H. K., Jorgensen, H. J. L., Mathur, S. B. and
Smedegaard-Petersen, V., Phytopathology, 1998, 88, 735-739.
Dann, E. K, Meuwly, P, Metraux, J. P. and Deverall, B. J.,
Physiol. Mol. Plant Pathol., 1996, 49, 307-319.

Xue, L., Charest, P. M. and Jabji-Hare, S. H., Phytopathology,
1598, 88, 350-365.

Smith, J. A. and Metraux, J. P., Plant Pathol., 1991, 39, 45]
Kessmann, H., Staub, T., Hofmann, C., Maetzke, T., Herzog, J.,
Ward, E., Uknes, S. and Ryals, 1., Annu. Rev. Phytopathol., 1994,
32, 439459,

Krishnamurthy, K. and Gnanamanickam, S. S., Curr. Sci., 1997,
72, 331-334.

Verma, H. N, Srivastava, S., Varsha and Kumar, D., Phyropathology,
1996, 86, 485-492.

Lyon, G. D. and Newton A. C., Plunt Pathol., 1997, 46, 636-641.
Reglinski, T., Poole, P. R., Whitaker, G. and Hoyte, S. M., Plant
Pathol., 1997, 46, 716-721. |

Benhamou, N., Lafontaine, P. J. and Nicole, M.,' Phytopathology,
1994, 84, 14321444,

Mc Intyre, J. L., Dodds, J. A. and Hare, J. D., Phyiopathology,
1981, 71, 297-302.

Ward, E. R., Uknes, S. J., Wilhams, S. C., Dincher, S. 8., Wiederhold,
D. L., Alexander, D. C., Ahl-Goy, P., Mectraux, J. P. and Ryals,
}. A, Plant Cell, 1991, 3, 1085-1094.

Uknes, S., Dincher, S., Friedrich, L., Negrotto, D., Williams, S,
Thompson-Taylor, H., Potter, S., Ward, E. and Ryals, }., Plant
Cefl, 1993, §, 159-1069.

Friedrich, L., Lawton, K., Ruess, W., Masner, P.,, Specker, N,
Rella, G. M., Meicr, B., Dincher, S., Staub, T., Uknes, S., Metraux,
J. P, Kessmann, H. and Ryals, J., Plant J., 1996, 10, 61-70.
Gorlach, J., Volrath, S., Knauf-Beiter, G., Hengy, G., Beckhove,
U., Kogel, K. H., Oostendorp, M., Staub, T., Ward, E., Kessmann,
H. and Ryals, J., Plant Cell, 1996, 8, 629-643.

Cao, H., Li, X. and Dong, X., Proc. Natl. Acad. Sci. USA, 1998,
26, 6531-6536.

Ryals, J., Weyman, K., Lawton, K., Friedrich, L., Ellis, D., Steiner, H.,
Johnson, J., Delaney, P., Jesse, T., Vos, P. and Ukaes, S., Plaw
Cell, 1997, 9, 425-439.

Ryals, J. A., Neuenschwander, U. H., Willitis, M. G., Molina, A,
Steiner, H. Y. and Hunt, M. D., Plant Cell, 1996, 8, 1809-1819.
Vernooij, B., Friedrich, L., Morse, A., Reist, R., Kolditz-Jawhar,
R., Ward, E., Uknes, S., Kessmann, H. and Ryals, 1., Plumt Cell,
1994, 6, 959-965,

Sticher, L., Mauch-Mani, B. and Metraux, J. P., Annu. Rev.
Phytopathol., 1997, 38, 235-270.

Yu, D, Liu, Y., Fan, B., Klessig, D. F. and Chen, Z., Plunt
Physiol., 1997, 11§, 343-349.

Vijayan, P., Shockey, J., Levesque, C. A,, Cook, R. J. and Browse, I,
Proc. Nal. Acad. Sci. USA, 1998, 95, 7209-7214.

Van Loon, L. C., Neth. 1 Plam Pathol,, 1983, 89, 265-273.
Yalpani, N., Silverman, P, Wilson, T. M. A,, Kleier, D. A, und
Raskin, 1., Plart Cell, 1991, 3, 809-819.

Metraux, 1. P, Ahl-Goy, P, Staub, T., Speich, J. and Steinenang,

A., Ryals, ). and Ward, E., er ul, in Advances a Molecutar

Genetics of Plant-Microhe Tweractions (eds Heonpecke, H. and

Vermia, 1. P S, Kluwer, Aowterdwn, 1991, pp. 43243



GENERAL ARTICLES

—— — o ——

42,

43

44,

45.

46.
47.

48.

49,

50.

51.

52.

33.

54.

35.

56.

57.
38.

59.

60.
61.

6l
63.

64,

635.

66.

67.

68.

69.
70.

71
T2

73.

74.

75

76.

646

il

Dempscy, D. A, Wobbe, K. K. and Kiessig, D. F., Pivtopathology,
19093, 83, 1021-1029.

Malamy, )., Carr, ). P, Klessig, D. F. and Raskin, 1., Science,
19960, 250, 1002-1006.

Gaffncy, T., Friedrich, L., Vernooij, B., Negrotto, D., Nye, G,
Uknes, S.. Ward, E., Kessmann, H. and Ryals, J., Science, 1993,
261, 754-756.

Bi. Y. M., Kenton, P, Mur, L., Darby, R. and Draper, J., Plans
J., 1995, 8, 235-245

Shulacy. V.. Leon, J. and Raskin, 1., Planr Cell, 1995, 7, 1691-1701.
Molders. W., Buchala, A. and Metraux, J. P., Plant Physiof., 1996,
112, 787-792.

Malamy, J., Sanchez-Casas, P., Hennig, J., Guo. A. L. and Klessig,
D. F.. Mol. Plant-Microbe lnterac., 1996, 9, 474-482.
Rasmussen. J. B.. Hammerschmidt, R. and Zock, M. N., Plant
Physiol., 1991, 97, 1342-1347.

Beffa, R., Szell, M., Beuwly, P, Pay, A, Vogcli-Lange, R,, et al,,
EMBO J., 1995, 14, 5753-576).

Picterse, C. M. J., van Wees, S. C. M., Hoffland, E., van Pelt,
J. A. and van Loon, L. C., Plant Cefl, 1996, 8, 1225-1237.
Smith-Becker, §., Marois, E., Huguet, E. §.,, Midiand, S. L., Suns,
J. 1. and Kcen, N. T., Plunt Physiol., 1998, 116, 231-238.
Pallas, J. A., Paiva, N, L., Lamb, C. and Dixon, R. A, Plunt J,,
1996, 10, 281-2G3.

Coquoz, J. L., Buchala, A. and Metraux, J. P., Plant Physiol., 1998,
117, 1095-1101.

Ribnicky, D. M., Shulaev, V. and Raskin, L, Plant Physiol, 1998,
118, 565-572.

Dunn, P. M., Heddea, P. and Bailcy, J. A., Physiol. Mol Plam
Puthol., 1990, 36, 339345,

Schaller, A. and Ryan, C. A, BioAssays, 1995, 18, 27-33.
Sembdner, G. and Parthicr, B., Annu. Rev. Plunt Physiol., 1993,
54, 328-332.

Kende, H., Annu. Rev. Plart Physiol. Plant Mol. Biol, 1993, 44,
283-307.

Boller, T., Curr. Top. Plamr Physiol., 1990, 5, 138-143.
Grosskopf, D. G., Fchix, G. and Boller, T., J. Plunt Physiol , 1991,
138, 741-746.

Raz, V. and Fluhr, R., Plumt Celf, 1993, §, 523-530.

Van Loon, L. C. and Antoniw, J. W., Neth. J. Plamt Pathol., 1982,
88, 237-256.

Ecker, J. R. and Davis, R. W., Proc. Natl. Acad. Sci. USA, 1987,
84, 5202-5206.

Lawton, K. A., Potier, L. S., Uknes, S. and Ryals, J., Plant Cell,
1994, 6, S81-588,.

Chang, C., Kwok, S. F., Bleecker, A. B. and Meyerowitz, E. M,
Science, 1993, 262, 539-544.

ODonnel, P, J., Calvent, C., Atzorn, R., Wasternack, C., Leyser,
H M. O, er ul, Science, 1996, 274, 19141917,

Picterse, C. M. 1., Van Wees, 8. C. M., Van Pelt, 1. A., Knoestery,
M., Laan, R., Gerrits, H, Weisheek, P. J. and van Loon L. C,
Plant Cell, 1998, 10, 15711580

Ryan, C. A., Plunt Mal. Biol., 1992, 19, 123-133.

Cohen, Y., Gisi, U. and Nicderman, T., Phytopathology, 1993, 83,
1054-1062. .

Mitchell, A. and Walters, D., Aspects Appl. Biol., 1995, 42, 323-326.
Kogel, K., Beckhove, U., Dreschers, }, Munclh, §. and Romme,
Y., Plant Physiol, 1994, 106, 1269-1277.

Pennicks, 1. A. M. A, Egeermont, K,, Terras, F. R, G., Thomma,
B. P. H. J. and Samblanx, G. W., Plamt Cell, 1997, 8, 2309,
Epple, P., Apcl. K. and Bohlmann, H., FEBS Letn., 1997, 400,
168-172

Schweizer, P., Hunziker, W. and Mosinger, E., Plunt Mol Biol.,
1995, 12, 643.

Wasternack, C. and Pacthicr, B., TIPS, 1997, 2, 3(02-307.

77.

78.

79,
80.

Cahitl, D. M. and Ward, E. W. B., Plhysiol. Mnol. Plant Puthol.,
1989, 35, 483-493.

Pena-cortes,H., Fisahn, J. and Willmitzer, L., Proc. Natl. Acad. Sci.
USA, 1995, 92, 4106-4113.

Schaller, A. and Ryan, C. A., BioAssays, 1995, 18, 27-33,
Davies, E., in The Biochemistry of Plants (ed. Davies, M.}, Academic
Press, New York, 1987, vol. 12, pp. 243-264.

8 1. Hammerschmidt, R., Adv. Plant Pathol., 1993, 10, 307-337.

82. Schmele, J. and Kauss, H., Physiol Mol. Plant Pathol., 1990, 37,
221-228.

83. Eschrich, W., Fromm, J. and Evert, R. F., Bor. Acta, 1988, 102,
327-331.

84. Wildon, D. C., Thain, J. F., Minchin, P. E. H., Gubb, 1. R,, Reilly,
A. L., Skipper, Y. D, Doherty, H. M., O'Donnell, P. J. and Bowles,
D. )., Nature, 1932, 360, 62-65.

85. Herde, O., Fuss, H., Penz-Cortes, H. and Fisalin J., Plunt Cell
Physiol., 1995, 36, 737-742.

86. Baker, C. J.,, Orlandi, E. W, and Mock, N. M., Plant Physiol.,
1993, 102, 1341-1344,

87. Sutherland, M. W., Physiol. Mol. Plumt Pathol., 1991, 39, 79-93,

38. Mehdy, M. C,, Sharma, Y. K., Sathasivan K. and Bays, N. W,
Plant Physiol., 1996, 98, 365-374.

89. Oute, O. and Barz, W., Plunta, 1996, 200, 238-246.

90). Tenhaken, R., Levine, A., Brisson, L. F., Iixon, R. A, and Lamb,
C., Proc. Nail, Acad. Sci. USA, 1995, 92, 4158-4163.

91. Dixon, R. A. and Harrison, M. 1., Adv. Gener., 1990, 28, 165-234.

92. Cazale, A.-C., Rouet-Mayer, M. -A., Barbier-Brygoo, H., Mathiey,
Y. and Lauriere, C., Plant Physiol., 1998, 116, 659-669.

93. Los, M., Schenk, H., Hexel, K., Baeucrle, P. A,, Dorge, W. and
Schulze-osthoff, K., EMBO J.. 1995, 14, 3731-3740.

94. Chamnongpol, S., Willekens, H., Moeder, W., Langebartels, C.,
Sandermann, H., Van Montagy, M., Inze, D. and Camp. W. V,,
Proc. Natl, Acad. Sci. USA, 1998, 95, 5818-5823.

95. Shirasu, K., Nokajima, H., Rajasckhar, V. K. and Dixon, A, Plan
Cell, 1997, 9, 261-270.

96. Du, H. and Klessig, D. F., Plamt Physiol, 1997, 113, 1319-1327.

97. Ryals, J. Uknes, S. and Ward, E., Plant Physiol, 1994, 104,
1109-1112

98. Yang, Y., Shah, ). and Klessig, D. F., Genes Dev., 1997, 11,
1621-1639.

99, Jabs, T., Tschope, M., Colling, C., Hahibrock, K. and Scheel, D,
Proc. Natl. Acad. Sci. USA, 1997, 94, 4800-4805.

100. Paviovkin, J. A. and Novacky, A., Physiol. Mal. Plant Pathol.,

1986, 28, 125-135.
101. Atkinson, M. M., Adv. Plunt Pathol., 1993, 10, 36-58.
102. Goodman, R. N., Phytopathology, 1968, 38, 872875,
103. Knoll, A. H., Science, 1992, 256, 622-0627.
104. Warpeha, K. M. F., Hamm, H. E., Rasenick, M. M. and Kaufmiin,
L. S.. Proc. Natl. Acud. Seii USA, 1991, 88, 8925-8929,

10S. Meldrum, E., Parker, P. J. and Carozzi, M., Biochem. Biophys.
Acta, 1991, 1092, 49-71.

106, Dangl, J. L., Planr [, 1992, 2, 3-11.

107. Alvarez, M. E., Pennell, R. 1., Meijer, P. J., Ishikawa, A., Dixon,
R. A. and Lamb, C., Cell, 1998, 92, 773-784,

108. Shirasu, K., Nakajima, H., Krishnamachari, V. R,, Dixon, R. A,
and Lamb, C., Plant Cell, 1997, 9, 261-270.

109. Jacobson, M. D., TIBS, 1996, 21, §3-86.

10, Baker, B., Zambryski, P., Staskawicz, B. and Dinesh-Kumar,
S. P.. Science, 1997, 276, 726-733

111. Meister, M., Lemaitre, B. and Hoffmann, J. A., BinAssuays, 1997,
19, 1019-1026.

112. Taylor, C. B., Plunt Cell, 1998, 10, 873-876.

Received 25 June 1998, revised accepted 4 Navember 1998

CURRENT SCIENCE, VOL. 76, NO. 5, 10 MARCH 1999



