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Preface

Plants have developed very sophisticated mechanisms to combat pathogens and
pests using the least amount of reserved or generated energy possible. They do this
by activating major defense mechanisms after recognition of the organisms that
are considered to be detrimental to their survival; therefore they have been able to
exist on Earth longer than any other higher organisms. It has been known for the
past century that plants carry genetic information for inherited resistance against
many pathogenic organisms including fungi, bacteria, and viruses, and that the
relationship between pathogenic organisms and hosts plants are rather complex
and in some cases time dependent. This genetic information has been the basis
for breeding for resistance that has been employed by plant breeders to develop
better-yielding disease resistant varieties, some of which are still being cultivated.

Single gene resistance is one type of resistance which has been extensively
studied by many research groups all around the world using biotechnological
methodologies that have been the subject of many books and journal articles;
therefore, it is beyond the scope of this book. This type of resistance is very
effective, although it can be overcome by the pressure of pathogenic organisms
since it depends on interaction of a single elicitor molecule from the pathogen
with a single receptor site in the host. It is race specific and under any favorable
conditions for development of new races of the pathogenic organisms, similar to
development of resistance to single site systemic pesticides, resistance achieved
by a single gene in plant can be diminished leading to development of major
epidemics. It is, therefore, the constant effort of pyramiding of the resistance
genes that is needed to overcome pathogenicity achieved by the new races of the
pathogen.

Breeders have been crossing between disease resistant wild ecotypes of plants
with the cultivated ones to achieve disease resistance for centuries. This type of
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resistance is governed by multiple genes and many years of breeding effort is
needed to eliminate bad genes coming from the wild ecotypes to increase the quality
of cultivated crops. Although it is very stable and not race specific, unfortunately,
this type of resistance has not gathered attention from the scientific community and
we are just beginning to understand how this type of resistance works. In fact, our
group has been one of the first to clearly demonstrate the involvement of elicitors
released by the activity of pre-existing hydrolytic enzymes to activate further
defense reactions. This is very energy efficient and stable since the pathogenic
organisms have to modify the whole cell structure to overcome the activity of a
battery of constitutively-expressed hydrolytic enzymes.

In a similar way, plants carry inducible mechanisms that protect plants in a
time-dependent manner. Induced systemic resistance [ISR, syn systemic acquired
resistance (SAR)], therefore, has probably been involved in survival of plants for
millennia and indeed is the reason why susceptibility is an exception rather than
the rule, considering that plants are infected by a minority of possibly pathogenic
microorganisms in their environment. ISR has been known since the beginning
of the 20" century but really became an area of scientific interest around thirty
years ago. When I started to work on ISR during the mid-to-late 1970s the general
attitude among the scientists was that this phenomenon is nothing more than an
exception and the concept was rejected by most of them. In contrast, today itis well
established and has become one of the major areas of study by many laboratories,
including the ones which originally concentrated on biological control. It is not
unlikely to hear most biological control organisms indeed induce some sort of
disease resistance in plants at least as a part of their mechanism of action. For
a scientist who dedicated his whole professional life to this very subject area it
is very pleasing to live through this change. However, we must never forget that
we are just at the beginning to discover survival mechanisms of plants in a very
complex environment.

We have decided that it is very timely to publish a book on the subject area of
durable resistance, multigenic, and induced systemic resistance, since similarities
mechanistically among them are becoming more understood. It is important to
compile the information into one book as a text or reference to researchers. The
greatest encouragement came from our colleagues who actually read our first book
on “Induced Plant Defenses Against Pathogens and Herbivores” and how well it
was received by the scientific community. It was important to develop a very
comprehensive book so we have carefully chosen the subjects for the chapters
and contributors and emphasized the importance of extensive peer review of each
chapter.

The importance of consistent terminology and its usage was foremost among
the comments of the reviewers. It is carefully covered in the first chapter, which
considers the meaning of various terms and the involvement of various groups
who pioneered the area of induced systemic resistance—we sincerely urge our
colleagues to read this chapter and consider the suggestions very seriously, since
it is time to use common terms to describe the same phenomenon, whatever the
mechanism of action is. As I mentioned earlier, we are at the beginning stage of this
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very important subject area and we will find out that many mechanisms are involved
in this fascinating phenomenon that leads susceptible plants to become resistant
to pathogenic organisms. The terminology has to be flexible to accommodate new
mechanisms and yet should not create confusion with the old publications.

Finally, I would like to thank many colleagues who served as reviewers to make
this book scientifically as accurate as possible. I hope that this book will serve
as a comprehensive reference to many professionals, students, and scientists in
plant pathology, entomology, plant physiology, or biochemistry to enhance their
knowledge, research, and teaching efforts.

Sapik TUzZUN
Auburn, Alabama, USA
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Terminology Related to Induced
Systemic Resistance: Incorrect Use
of Synonyms may Lead to a
Scientific Dilemma by Misleading
Interpretation of Results

Sapik TuUzZuUN

1.1 Introduction

During the review process of the book, several reviewers suggested that the same
terminology should be used throughout the book to describe the same phenomenon.
Since I am a firm believer of academic freedom and freedom of expression, no
changes to the chapter will be made. Instead, to comply with the second suggestion
of the reviewers and to eliminate misunderstanding due to multiple ways of us-
ing the terms induced systemic resistance (ISR) and systemic acquired resistance
(SAR) which has been accepted as synonyms, a comprehensive chapter dealing
with the terminology is included. As described by Ku¢ in Chapter 2, inducible de-
fense responses in plants have been observed since early 1900s (Beauverie, 1901;
Ray, 1901) and reviewed by Chester as early as 1930s (Chester, 1933). Chester
called the phenomenon “acquired physiological immunity”, since his review was
based on “observations” rather than “scientific experiments”, and indeed this term
was correct since he was describing disease resistance clearly “acquired” by plants.
Later on, studies conducted by Ku¢ and his colleagues (Ku¢ et al., 1959; Maclen-
nan et al., 1963) on apple and by Ross (1961, 1966) on tobacco, which lead to
the induction of local and systemic resistance gave first evidences that indeed oth-
erwise susceptible plants have inducible defense responses if they are previously
treated with some chemicals or pathogens which are unspecific in nature, although
both phenomenon involves salicylic acid as mediator (Ryals et al., 1996).

During the past 40 or more years nearly a thousand journal articles have been
published calling the phenomenon “induced” or “acquired” systemic resistance.
The mechanisms of resistance against viruses are still not understood well. Nev-
ertheless, the elegant work of Ku¢ and his coworkers and several other research
groups using cucurbits and many other plant species explained the broad nature
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of resistance, and the term induced systemic resistance (ISR) was used in these
pioneering publications using pathogens or chemicals as inducers which clearly
involve salicylic aid as mediator, whereas systemic acquired resistance (SAR)
was mainly used in recent publications by scientists using the Arabidopsis model
system. ISR was proposed to be the correct term to describe the active nature of
“inducible defense mechanisms in plants” regardless of the inducing agent or the
pathway which they use to achieve the resistant state by Kloepper et al. (1992), and
in the introduction to the book “Biology and Mechanisms of Induced Resistance
to Pathogens and Insects” by Agrawal et al. (1999), considering the pioneering
work of Ku¢ and many scientists trained in his lab who led the area for many years
mainly used ISR as the term to describe the phenomenon. Induced resistance is
still the most widely accepted terminology in meetings and workshops related to
“inducible” defense mechanisms against pathogens and insects in plants.

1.2 Differentiation of ISR and SAR

As mentioned above, the terms “induced” and in some cases “acquired” systemic
resistance were used interchangeably by the different research groups until Ryals
etal. (1996) defined the type of resistance induced by pathogenic organisms and/or
chemicals involving salicylic acid as mediator as systemic acquired resistance
(SAR) as a tribute to Ross, disregarding many earlier publications describing
entirely the same phenomenon using ISR as a synonym. Furthermore, a series of
about 25 journal articles mainly published by Van Loon’s research group used
ISR as the term solely to describe resistance mediated by plant growth-promoting
rhizobacteria (PGPR) (Pieterse et al., 1996, 1998, 2000, 2002; Van Loon et al.,
1998) while at least as much published by others indicating PGPR-mediated ISR
used it as a synonym to SAR. This use of terminology by disregarding at least
10 times more publications using ISR to describe the phenomenon that is induced
by many pathogenic organisms and chemicals actually created a dilemma leading
to a misunderstanding of earlier literature and confusion among scientists.

1.2.1 ISR and SAR are Decided to be Used as Synonyms

PGPR is a generic term which includes many plant associated organisms some of
which may be partially pathogenic to plants to be recognized by them (Tuzun
and Bent, 1999) using the salicylate pathway for induction of resistance (see
Chapter 10). Therefore, the results obtained on Arabidopsis plants using a few
PGPR strains to use ISR as the term to describe only “jasmonate-mediated resis-
tance” creates a major problem in scientific literature as mentioned above. This
subject was extensively discussed amongst the attendees in detail during the “1st
International Symposium of Induced Resistance” which was held in Greece in
1999. During this symposium, it was unanimously agreed by the participants that
these terms that are describing essentially the same phenomenon should be used as
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“synonyms”. Indeed, the paper came as a result of these meetings and authored by
Ray Hammerschmid, Jean-Pierre Metraux, and Kees Van Loon (Hammerschmidt
et al., 2001) clearly stated that induced systemic resistance and systemic acquired
resistance are “synonyms” and should be used in the scientific literature as syn-
onyms and treated as the same.

Scientists hold a big responsibility when they introduce “new uses” for the “old
terms” and, although we are not linguists, it is essential that we must understand and
adhere to the meaning of the words before using it. In this chapter, the meaning of
various words used in the literature are described using the 2003 Electronic Edition
of Merriam Webster’s Collegiate Dictionary containing over 250,000 words. The
meaning of “synonym” is “one of two words or expressions of the same language
that have the same or nearly the same meaning in some or all senses”. The scien-
tific problem becomes apparent if one or more groups of scientists decide to use
synonyms to describe essentially two different phenomenon which involves dif-
ferent pathways that may even crosstalk amongst themselves (Kunkel and Brook,
2002). Even though this is used just for “convenience” (see Chapter 9), the use
of existing terms (ISR and SAR) to differentiate two independent phenomenon
activated by different pathways (see Figure 9.1 and 9.2 in Chapter 9) will cause
even more confusion in the future since recent research also indicates that there are
more than two biochemical pathways by which induced resistance can be activated
(e.g., Bostock et al., 2001; Dong and Beer, 2000; Mayda et al., 2000a,b; Zimmerli
et al., 2000).

1.2.2 Contradicting Results in the Literature
with the Use of “Synonym”

In scientific literature, synonyms should be describing exactly the same phe-
nomenon resulting from activation of the same pathways. So, there was no reason
to call PGPR-mediated induction of systemic resistance as ISR and all others as
SAR (Van Loon et al., 1998). Since ISR and SAR are accepted as synonyms, by
no means should they interfere with each other, neither should they work syner-
gistically nor should they inhibit each other’s expression. However, there is ample
evidence that pathways leading to ISR and SAR actually work synergistically (Van
Wees et al., 2002) by enhancing disease resistance or in a contradicting fashion
by inhibiting each other (Doares et al., 1995; Ryan, 2000). Therefore, the use of
synonyms “ISR and SAR” in the same publication to describe entirely different
phenomenon is not scientifically correct and contradicts the meaning of synonym
(see Chapters 8 and 9). The use of ISR and SAR to describe separate biochemi-
cal pathways relating to induced resistance is misleading for a variety of reasons.
First, it contradicts the decision of the scientific community to use these terms as
synonyms. Furthermore, it is the fact that researchers will tend to make the (erro-
neous) assumption that ISR must be distinct from every phenomenon referred to as
SAR, regardless of whether any work has ever been done to actually characterize
the biochemical pathway(s) involved in each system. Therefore, it is hoped that



4 1. Terminology Related to Induced Systemic Resistance

ISR will no longer be used solely as the term to describe induced resistant state
mediated by plant growth-promoting rhizobacteria (PGPR).

1.3 Definitions Used in the Literature to Describe Inducible
Defense Responses in Plants

1.3.1 Acquired Immunity

This term was first used by Chester to describe achievement of resistant state in
otherwise susceptible plants during 1930s (Chester, 1933). Although Chester did
not perform experiments, he clearly described the phenomenon with various ex-
amples. Immunization of plants was used in several articles that experimentally
described Chester’s original observations. The term “immunity” was not widely
accepted by the scientific community since it creates confusion with the immu-
nization of animals. Nevertheless the term immunity that is being used since 14th
century means: “a condition of being able to resist a particular disease especially
through preventing development of a pathogenic organism or by counteracting
the effect of its products” and immunization simply means “to make immune”.
Chester called the phenomenon “acquired immunity” since he thought that these
plants acquired a state of being immune where acquired means: “to come into
possession or control of often by unspecific means” or “to come to have as a new
or added characteristic, trait or ability (as sustained effort or natural selection as in
bacteria acquire resistance to antibiotics)”. To Chester this definition was correct
since he thought that plants were acquiring a state of resistance by an unspecified
means of natural phenomenon.

1.3.2 Systemic Acquired Resistance

This term was first used by Ross (1961) to describe a phenomenon where he
observed protection against TMV both local and systemically upon treatment of
either the same leaf or leaves below the protected leaf upon treatment with live
TMV. He described systemic nature of the phenomenon; however, plants did not
passively acquire the resistant state as indicated in the definition above. Neither
plants obtained resistance in a genetically inherited fashion as in bacterial resistance
to antibiotics nor the phenomenon occurred naturally as in the observations of
Chester and others. Ross actually induced a state of resistance in tobacco against
TMV by using TMV which was not inherited by the offsprings of the tobacco plant.
Although the term is widely used by scientists working in the area as attribute to
Ross, it is not correct by any means to describe an active phenomenon which
involves activation of many genes leading to the development of resistant state
in otherwise susceptible plants. Indeed, experiments conducted by Ku¢ and his
colleagues described the phenomenon of chemically induced resistance against
scab disease in apple much earlier than Ross (Ku¢ et al. 1959, see Chapter 2),
which clearly involves salicylic acid as mediator.
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1.3.3 Induced Systemic Resistance

The term first used by Ku¢ and his coworkers in numerous publications (see Chapter
2) is actually the correct way of describing the phenomenon. The meaning of
Induced is: “to call forth or bring about by influence or stimulation” or “to cause
the formation of”, in this particular case ISR indicates an active phenomenon
which causes the formation of systemic resistance in otherwise susceptible plants.
According to Van Loon and his colleagues, only a few PGPR strains which induce
the systemic state of resistance via salicylate-independent pathway (see Chapters 8
and 9) are justified to be called initiators of ISR whereas others as inducers of SAR
as suggested by Ryals et al. (1996). This use of terminology is neither correct nor
the common use of term SAR is fair to the overall contributions of Joseph Ku¢ who
actually “for the first time” experimentally demonstrated the induction of systemic
resistance using various derivatives of amino acids. If anyone “fathered this area”
it must be him, not only through his contributions but also through numerous
scientists, students, post-docs, collaborators etc. who published hundreds of papers,
using the term ISR to describe “induced state of resistance in plants by biological or
chemical inducers” which definitely uses salicylic acid as mediator. These are the
pioneering scientists who led the field of ISR to become a “common phenomenon”
found to be a part of the overall protection achieved by many biological and
chemical agents including the organisms known for a long time as biological
control organisms as described throughout this book. If we must be honest, no
student or co-worker has actually followed the initial experiments of Ross against
viruses until mid to late 1980s when the scientists working in then Ciba-Geigy
started to work on ISR. Needless to say, most of these scientists also performed
their initial experiments on induced systemic resistance in Ku¢’s lab while he was
collaborating with Ciba on this project. It is interesting that we still do not know
the mechanism of resistance against viruses in plants.

1.4 Proposed Use of Terminology

Considering that ISR and SAR are well accepted by the scientific community
as terms to describe inducible defense responses in plants, the use of all other
terms such as systemic induced resistance (SIR) or acquired systemic resistance
(ASR) should be avoided. ISR indicates actively-inducible defense mechanisms
which may involve one or more metabolic pathways, as indicated above. Therefore,
ISR is the correct term to describe “activated defense mechanisms” whether the
inducers are pathogenic or nonpathogenic organisms or chemicals. SAR, however,
should be indicated as synonym in each case when ISR is used for the first time in
any article. If an author prefers to use SAR as the term, it is expected that ISR is
indicated as synonym in the same fashion.

Certainly, the phenomenon can be differentiated by stating the inducer, i.e.,
PGPR-induced systemic resistance or PGPR-mediated systemic acquired resis-
tance; or chemically induced systemic resistance or chemically mediated sys-
temic acquired resistance (actually, using the term “induced” in “induced systemic
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resistance” will eliminate the use of “mediated” while describing different induc-
ers), however, one type of inducer may induce different pathways. It is the most
correct way, therefore, we should follow the terminology where the phenomenon
was described according to which pathway the induction of resistance is activated
through, either jasmonate or salicylate, as ISR appears to involve these two major
pathways (Spoel et al., 2003).

It is proposed that the different variants of induced systemic resistance should be
distinguished according to the pathway they activates, i.e., “salicylate-dependent”
ISR (or SA-ISR) and “jasmonate-dependent” ISR (or JA-ISR), as our knowledge
increases new terms could be added in the same fashion.

1.5 Conclusion

As scientists we have to stick to the scientific guidelines when creating definitions,
whether they are scientifically correct or not and the definitions must adhere to
linguistic meanings, otherwise once mistakes are made it becomes very difficult
to rectify them. It is unfortunate that the terminology used in publications may
become part of textbooks misleading young minds and future scientists, whom
we have the responsibility to educate with an open mind, without leading to any
assumption. This requires respect of the previous use of terms to describe the
same phenomenon yet the terms, which are introduced must be flexible enough to
accommodate definitions as our knowledge base broadens by the development of
new technologies that may not be currently available.

It is certainly hoped that this attempt to correct the terminology will be rec-
ognized by colleagues as a friendly suggestion and will be used in coming pub-
lications to further avoid any confusion that may arise by using synonyms to
describe different phenomenon and every attempt to correct this error should be
made.
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What’s Old and What’s New in
Concepts of Induced Systemic
Resistance in Plants, and its
Application

JosepH Kuc¢

2.1 Historical Perspective

Disease and induced resistance to disease in plants and animals has been with us
as long as plants, animals, and their pathogens have coevolved. Observations of
induced resistance in plants were reported as early as the late 1800s and early
1900s (Beauverie, 1901; Ray, 1901; Chester, 1933). Muller and Borger (1940)
described carefully conducted experiments which established the phenomenon of
induced local resistance (ILR) in potatoes to late blight (Phytophthora infestans).
Inoculation of potato tubers with cultivar-nonpathogenic races of the fungus in-
duced local resistance to cultivar-pathogenic races. This work, and subsequent
studies by Muller and coworkers also established the concept of active defense
for resistance, a response after infection, and this proved to be the foundation for
work with phytoalexins.

Induced systemic resistance (ISR) was analytically established by Ku¢ et al.
(1959) and Ross (1966). Ku¢ et al. (1959) and Maclennan et al. (1963) demon-
strated that apple plants were made systemically resistant to apple scab (Ven-
turia inaequalis) by infiltrating lower leaves with D-phenylalanine, D-alanine
and aminoisobutyric acid (AIB). The amino acids did not inhibit the growth of
V. inaequalis in vitro at concentrations used for infusion. Ross (1966) and cowork-
ers demonstrated that inoculation of lower leaves of tobacco with a local lesion
strain of tobacco mosaic virus (TMV) systemically enhanced resistance to the
same strain of the virus. They also established the time required between induc-
tion and inoculation for ISR and its persistence. The continued research by Kué
and coworkers verified the reports by Ross and expanded and defined our un-
derstanding of ISR and its application for disease control in the greenhouse and
field. They demonstrated that ISR was not specific with respect to the nature of
the inducer or the biological spectrum of the diseases it protects against. Thus,
unrelated fungi, bacteria, viruses, or chemicals induced resistance systemically
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against all three classes of pathogens (bacteria, fungi, and viruses), and in some
experiments, even protected plants against damage caused by herbicides and ox-
idants (Ku¢, 1982, 1995a, 1995b, 1997, 1999; Dalisay and Kué, 1995a, 1995b;
Fought and Ku¢, 1996; Gottstein and Kué, 1989; Karban and Ku¢, 1999; Lusso
and Kué, 1999; Mucharromah and Ku¢, 1991; Strobel and Kué, 1995). ISR was
demonstrated with different plants, including cucumber, watermelon, muskmelon,
tobacco, tomato, green bean, apple and pear, and was found to be effective in these
plants against bacterial, fungal, and viral pathogens. An important aspect of ISR
established by this body of work is that it sensitizes (or primes) plants to respond
rapidly to a pathogen after infection. The molecular basis for sensitization is still
unclear, but it appears that the phenomenon is even more important for defense
against disease than the initial accumulation of defensive compounds, observed
upon induction of systemic resistance (Ku¢, 1984, 2001; Conrath et al., 2001).

Research with ISR has expanded rapidly, with contributions from many labora-
tories worldwide. ISR has now been reported in plants as diverse as Arabidopsis
thaliana to coffee, and ISR is also effective against insects and nematodes (Agrawal
et al., 1999; Schmidt and Huber, 2002; Hammerschmidt and Ku¢, 1995).

Akey to the evolution of ISR was the early research with phytoalexins, pioneered
by Cruickshank, Ku¢é, Uritani, Tomiyama, and Metilitskii and their coworkers (re-
viewed in Kué, 1995a; Hammerschmidt, 1999). The research with phytoalexins
assigned chemical structures to the putative defense compounds and established
a close relationship between the localized early accumulation of phytoalexins and
inhibition of pathogen development and disease. The research also established that
phytoalexin accumulation was elicited by simple inorganic and organic chemicals,
as well as by microorganisms and their products. Phytoalexins accumulated in re-
sistant as well as susceptible interactions. The difference between resistant and sus-
ceptible plants was evident in the timing of phytoalexin accumulation: in resistant
plants accumulation was rapid and in susceptible plants, accumulation was delayed.
The early experiments conducted with phytoalexins established a foundation for
ISR research, and the similarities between phytoalexin accumulation and ISR in
plants are evident. Whether phytoalexins are major factors for resistance has been
reviewed (Ku¢, 1995a; Hammerschmidt, 1999). Most of the research with phy-
toalexins has indicated that their accumulation is most often associated with resis-
tance to fungal diseases, is less so for bacterial diseases, and is unlikely to be associ-
ated with resistance to viruses, though ISR is effective against some viral diseases.

The discovery of the central role of salicylic acid (SA) in some mechanisms
for ISR opened the door to investigations of the regulation of, and mechanisms
involved in, ISR on a molecular and genetic level (Metraux, 2001).

2.2 The Phenomenon of Induced Resistance

Pertinent to an understanding of the phenomenon if ISR is a consideration of
the question about why plants and animals are susceptible to infectious dis-
eases. Disease resistance in plants and animals requires multiple components (see
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Section 2.3). The antibody-based, or humoral, immune system in animals is highly
specific, both in terms of the elicitors (specific antigens) that generate a humoral
response, and in the nature of the response (the production of antibodies that rec-
ognize and bind to the antigen). The first time an animal is exposed to an antigen,
the humoral response is sluggish. Upon subsequent exposure to the antigen, the
response is much more rapid and results in the production of greater quantities of
antigen-specific antibodies. These antibodies work in concert with cell-mediated
defense responses in animals to limit pathogen attacks.

ISR in plants lacks the specificity of the humoral immune system: ISR can be
generated by a wide variety of structurally unrelated elicitors, and once activated, it
is effective against a wide variety of organisms. Some plant—pathogen interactions
are, however, highly specific, as is observed in gene-for-gene interactions and host
specificity.

Excluding genetic faults, animals and plants express genes for resistance mech-
anisms, and both have demonstrated resistance to the bacteria, fungi, and viruses
in their environment throughout the ages of evolution. The mechanisms by which
plant and animal defense, or immune, response systems function are clearly very
different, but in one principle they are similar: unless activated sufficiently in a
timely manner, the responses will fail to contain a given pathogen, even when all
the required components needed to contain a pathogen are present. In animals,
and seemingly also in plants, immune or defense responses may fail when (1)
there has been no prior exposure to the pathogen, or another elicitor, which can
prime the immune system to produce a more rapid and effective response, (2)
the plant or animal is subjected to stresses (e.g., poor nutrition, developmental or
environmental stress) which decrease its ability to mount an immune or defense
reaction, or (3) the pathogen dose is too high and defenses, while activated, are
simply inadequate to deal with the number of infectious agents. To use our species
as an example, human disease epidemics have occurred in the past when groups of
people were exposed to novel pathogens they had never encountered before (e.g.,
smallpox, new strains of influenza), or when changes in human living conditions
or the environment brought people into contact with greater numbers of pathogens
(e.g., bubonic plague), and it is commonly observed that the malnourished, the
elderly, and the very young tend to be more susceptible to diseases than healthy
adults. Genetic variation between individuals also exists, and some human immune
systems are simply more effective at dealing with pathogens than others.

In plants, particularly in natural communities of plants, their defense responses
are extremely effective at combating pathogens. To my knowledge, a plant species
has not disappeared from the earth as a result of disease, unless human activity
can be considered a disease. However, plants that survive diseases in the wild
are not necessarily perfectly fit, lush, and healthy. A disease-tolerant plant may
be able to fulfill its evolutionary prerogative and reproduce, and is in terms of
evolution a success; but unless the quality and yield of produce from the plant
is high, this plant is not useful to current agricultural production. A distinction
should be made between disease resistance needed for the survival of a species,
and disease resistance necessary to minimize economic losses when growing the
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plants commercially. When we speak of the need to increase plant resistance to
disease, we are actually referring to the latter, since plants in natural communities
already have the defenses they need to survive.

2.3 Single and Multigenic Resistance, ISR and
Defense Compounds

The literature contains references to many defense compounds and their alleged
importance in plant disease resistance. However, nounequivocal case has been
made for the necessity of any one defense compound for resistance, and many
compounds accumulate after infection. More information is necessary concerning
the contribution of defense compounds to resistance, individually and collectively,
as well as the timing, magnitude, and localization of their accumulation relative
to pathogen development. More research is also necessary to determine the mode
of action of defense compounds, whether they inhibit development of a pathogen
and/or reduce damage caused by a pathogen, and whether there is an interdepen-
dence or synergy in their activity. Until this information is available, the reported
defense compounds are at best associated with resistance and are putative defense
compounds/mechanisms (PDCM).

The PDCM include those that are preformed, as well as those that are produced
in response to wounding, and those that accumulate locally or systemically after
infection, ISR, or infection after ISR. PDCM include simple inorganic and organic
compounds, peptides, proteins, enzymes, and phenolic and carbohydrate polymers
(Table 2.1). It is evident, therefore, that many different pathways, loci, and com-
partments are involved in their synthesis and different mechanisms are required
for the regulation of their accumulation and mode of action. As important as acti-
vation of resistance mechanisms is to disease resistance, it is equally vital to the
plant’s survival that the regulated, though apparently chaotic, metabolic processes
that were put into motion can be redirected to normal.

From the above it seems reasonable to conclude that the mechanisms for ISR and
disease resistance/susceptibility are multicomponent and, therefore, their regula-
tion will be multicomponent. Since the genes for PDCM are present in susceptible
and resistant plants, what is it that regulates single gene resistance, and its frequent
loss, as well as multigenic resistance and ISR?

TaBLE 2.1. Putative defense compounds/systems for disease resistance in plants

Passive and/or wound responses
Waxes, cutin, phenolic glycosides, phenols, quinones, steroid glycoalkaloids, suberin,
terpenoids and proteins
Increases after infection
Phytoalexins, reactive oxygen species/free radicals, calcium, silicon/silicates,
polyphenoloxidases, peroxidases, phenolic cross-linked cell wall polymers, hydroxyproline
and glycine-rich glycoproteins, thionins, antimicrobial proteins and peptides, chitinases,
3-1,3-glucanases, ribonucleases, proteases, callose, lignin, lipoxygenases and phospholipases
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Evidence is not available, and it is highly unlikely, that single gene resistance is
due to the production of a single PDCM. The response of a plant with single gene
resistance to a pathogen is multicomponent, and differs from the susceptible plant
lacking the gene for resistance only in the timing of the response. The magnitude of
response is often greater in the susceptible plant lacking the gene, but the response
is delayed until after the pathogen has been established. Regardless of the presence
of single gene or multigenic resistance, many unrelated organisms and chemicals
can elicit the same metabolic responses in a plant and elicit ISR to a broad spectrum
of pathogens and environmental stresses.

One interpretation of the above observations is that the resistance gene, via its
product, regulates the timing of the expression of multiple mechanisms, either di-
rectly or indirectly, via a master switch(es), which eventually leads to the multistep
mechanisms for the synthesis and accumulation of PDCM. It is likely that a master
switch(es) would regulate many other switches, or cascades, which activate or de-
activate signals for individual pathways and their interaction. Thus, it is important
to differentiate resistance genes which regulate expression of a master switch(es)
from the genes for steps within the pathways for the synthesis of PDCM.

When resistance is “lost” in a plant with single gene resistance, it is not the
gene itself which is lost. What is lost is the gene’s effectiveness. The genes for
the PDCM are still present, as is the potential for their activation. The pathogen
overcoming single gene resistance may do so by a number of mechanisms: (1)
avoid activation of the resistance gene product (or receptor), and thereby a factor
is not produced to activate the master switch(es) and trigger a defense response.
Pathogen avirulence gene products which do not bind to plant receptors, or which
bind but do not activate or fully activate the receptor, would accomplish this, (2)
a product that modifies and thereby inactivates the plant receptor, (3) a product
that inactivates the master switch(es), (4) a product(s) that inactivates all or many
of the pathways producing PDCM. This latter possibility is highly unlikely, given
the diversity of PDCM.

With multigenic resistance, the PDCM are likely to be identical to those utilized
in single gene resistance. The difference between the two types of resistance would
be the presence of multiple host genes, which may encode receptors, capable of
binding and detecting nonspecific pathogen products (i.e., fragments of cell wall
polymers such as chitin and peptidoglycan, or other conserved structural com-
ponents, such as lipopolysaccharides or flagellin). To avoid activating resistance,
the pathogen would have to produce structural components that do not bind to any
plant receptor (which is unlikely), or find a way to inactivate all the plant receptors,
or the master switch(es). It is possible that binding of a nonspecific elicitor to a
receptor results in less efficient activation of these receptors, but there are also a
greater diversity of receptors. Upon encountering initial plant defense responses,
cells of an invading pathogen may be damaged or lyse and release a great quantity
of nonspecific elicitors (i.e., cell wall fragments), amplifying the original signal.
Multigenic resistance is therefore much more difficult to overcome than single-
gene resistance. If there are multiple and redundant master switches governing
plant defense responses, it is possible that they do not regulate PDCM equally,
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resulting in qualitative and quantitative differences in PDCM and the timing of
their appearance.

Since ISR has the same PDCM as those associated with single gene and, prob-
ably, multigenic resistance, and as ISR lacks specificity with respect to the nature
of the inducers and spectrum of its biological activity, it is possible that inducers
of ISR, directly or indirectly, regulate a master switch(es) governing the timing of
PDCM production. The factors activating a master switch(es) have yet to be fully
elucidated, but could include those produced by single and multigenic resistance,
i.e., reactive oxygen species (ROS). The difference between gene-based resis-
tance and ISR would therefore be the site of action. In gene-based resistance,
the expressed host receptors (resistance gene products) govern resistance. In ISR,
resistance may be governed via the priming of master switch(es).

The agents causing ISR, whether microorganisms or chemicals, could affect a
master switch directly by causing metabolic perturbations that generate a signal
affecting that switch, i.e., ROS. During the induction of ISR in Plant A, the plant’s
master switch(es) are activated and PDCM are produced. A susceptible, nonin-
duced plant (Plant B) that is infected by a pathogen could also generate ROS,
activating the master switch(es) and the production of PDCM, but this response
would be delayed, allowing the pathogen to spread and cause further damage.
Upon subsequent infection by a pathogen in each of Plants A and B, the master
switch(es) react more quickly. The difference is that Plant B has suffered greater
damage and may not even have survived its first infection.

There may be many paths leading to PDCM, plant disease resistance and ISR.
The key may be the levels of incompatibility/compatibility between a microorgan-
ism or chemical and the plant during the early stages of their interaction, and this
may be determined by the ability to generate, tolerate, or inactivate ROS.

2.4 Induction of ISR

The inducers of ISR vary greatly and include fungi, bacteria, viruses, nematodes,
insects, components, and products of pathogens and nonpathogens, organic and
inorganic polymers and simple organic and inorganic compounds (Table 2.2). It
is not possible to assign a unique chemical structure as being necessary for the
induction of ISR (Fought and Ku¢, 1996). Compounds as simple as phosphate salts
and ferric chloride have been reported to induce ISR (Gottstein and Kué, 1989;
Mucharromah and Kué, 1991; Reuveni et al., 1996, Reuveni and Reuveni, 1998;
Manandhar et al., 1998). Therefore, inducers are active not because of what they
are, but rather for what they do, and they are likely to have common features in how
they affect plants. Not all inducers have been reported active in all plants against
all diseases, but it is clear that biologically-induced ISR is active with the same mi-
croorganism as inducer in unrelated plants against unrelated diseases (Ku¢, 1982;
Ku¢, 2001). The commercially available compound Bion (benzo(1,2,3)thiadiazole-
7-carbothioic acid S-methyl ester) is active in many unrelated plants against many
unrelated pathogens and some nematodes and insects (Oostendorp et al., 2001).
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TABLE 2.2. Agents reported to elicit induced systemic resistance in plants

e fungi, bacteria, viruses, nematodes, insects

e fungal, bacterial and plant cell wall fractions, intercellular plant fluids and extracts of plants,
fungi, yeasts, bacteria and insects

e potassium and sodium phosphates, ferric chloride, silica

e glycine, glutamic acid, x-aminobutyric acid, (-aminobutyric acid, y-aminobutyric acid,
«-aminoisobutyric acid, D-phenylalanine, D-alanine and DL tryptophan

e salicylic acid, m-hydroxybenzoic acid, p-hydroxybenzoic acid, phloroglucinol, gallic acid,

isovanillic acid, vanillic acid, protocatecheic acid, syringinc acid, 1,3,5 benzene tricarboxylic

acid

D-galacturonic acid, D-glucuroinic acid, glycollate, oxalic acid and polyacrylic acid

Oleic acid, linoleic acid, linolenic acid, arachdonic acid, eicosapentaenoic acid

Paraquat, acifluorfen, sodium chlorate, nitric oxide, reactive oxygen species

2,6-dichloroisonictonic acid, benzo (1,2,3) thiadiazole-7-carbothioic acid s-methyl ester

jasmonic acid, methyl jasmonate, ethylene

ethylene diamine tetraacetic acid (EDTA), riboflavin

probenazole and 2,2-dichcloro-3,3-di-methyl cyclopropane carboxylic acid

-dodecyl DL-alanine and dodecyl-L-valine

phenanthroline and pththalocyanine metal complexes (cobalt, iron and copper)

The acceptance of the non-specificity of inducers of ISR is a key to an under-
standing of the mechanisms responsible for ISR and its induction and regulation.
Metabolic perturbation resulting in the generation of ROS may be one feature in
common amongst the great diversity of ISR inducers. Many current reports support
an important role for ROS in resistance and ISR (Averyanov et al., 2000; Dempsey
et al., 1999; Lamb and Dixon, 1997; McDowell and Dangl, 2000; Murphy et al.,
2001; Kim et al., 2001; Kiraly, 1998).

2.5 Application of ISR

Microorganisms and chemicals that induce ISR are commercially successful and
available for the control of plant diseases (Oostendorp et al.,2001; Kim et al., 2001;
Zhender et al., 2001; Reuveni et al., 1996; Bednarz et al., 2002). These include
such diverse agents as rhizobacteria, Bion, Messenger, inorganic phosphates, ROS,
and Probenazole. The development of new commercial agents for ISR depends
upon several factors, some of which are favorable for development, and some
unfavorable.

Favorable factors include:

(1) Problems with the resistance of pathogens to classical pesticides.

(2) The necessity to remove some pesticides from the market, the increased testing
and cost of testing to meet requirements of regulatory agencies and the lack
of substitutes for removed compounds.

(3) Health and environmental problems, real and perceived, associated with pes-
ticides and the increased popularity of “organic” crops and “sustainable agri-
culture.”

(4) The inability of pesticides to effectively control some pathogens, e.g., virus
and soilborne pathogens.
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(5) Classical pesticides may not be economically feasible for farmers in developing
countries. In these countries, the level of awareness for the safe and effective
application of classical pesticides is low, thus creating dangers to human health
and the environment.

(6) Resistance of the public to genetically modified plants. In ISR, foreign genes
are not introduced. The innate genes for resistance in the plant are those that
are expressed.

(7) ISR has a broad spectrum of activity and its effectiveness persists for an ex-
tended period.

(8) Since many defenses are activated, pathogens are less likely to develop resis-
tance to ISR.

Unfavorable factors include:

(1) Some plant pathologists still scoff at the applicability of ISR.

(2) Only high profit, patented and complex inducers make the major markets. Who
champions the simple, nonpatented yet equally effective compounds?

(3) Lack of sufficient information exchange and financial support for non mega-
agribusiness-oriented scientists, and a lack of adequate information flow to
farmers and the public.

(4) Unlike classical pesticides which directly kill or inhibit the development of a
pathogen, ISR depends upon the expression of genes for resistance in the plant.
Therefore ISR is more subject to physiological and environmental influences
that may alter its effectiveness.

(5) Public and farmer’s apprehension of new technologies.

2.6 Directions for Future Research

Priorities for research include investigations that should have and could have been
completed years ago as well as those that require new information and technologies
for their initiation.

Which of the putative defense compounds contribute to resistance? Is the timing
of their appearance important? Is the synthesis of the compounds and the timing of
their appearance regulated differently? More attention should be given to individual
plant—pathogen interactions to determine which inducers and their doses, as well
as which putative defense compounds and the timing of their appearance, are
important.

Do plants respond to the pathogen per se or to the stress (metabolic perturbation)
caused by the pathogen, or acombination of both? What is the translocated signal(s)
in ISR? What causes the synthesis or release of the signal(s)?

Isitpossible to develop plants with enhanced ISR through plant breeding? When
breeding for resistance, are we also often breeding for enhanced ISR? What are
the genetic and metabolic bases for the cascade of events associated with defense
compounds, ISR, and sensitization (priming)?
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What are the molecular and practical significances of the nonspecificity of the
agents which elicit ISR?

Are the mechanisms for the different types of resistance (nonhost, agerelated,
organ specific) the same or different, and do they have components in common with
ISR? Can the genes for the different types of resistance be selectively expressed
without detrimentally influencing plant development, e.g., express genes for age-
related resistance without prematurely aging the plant?

What are the roles of oxidative stress, ROS, and nitric oxide as defenses against
disease and initiators of defense mechanisms? In mammals, hydrogen peroxide and
superoxide anion are the major microbiocides produced by circulating phagocytic
leukocytes. However, hydrogen peroxide and ROS may function alone or together
with NO to enhance death of pathogens, as well as triggering transcriptional ac-
tivation of plant defense genes and the hypersensitive response (Delledone et al.,
1998). Elevated levels of Ca?* can enhance NO synthase activity, and perhaps
this partially explains the frequent association of calcium with resistance. Av-
eryanov and colleagues (2000) reported that phenanthroline and phthalocyanine
metal complexes induced ISR to rice blast when applied to foliage or the soil. Both
compounds produced ROS, and the authors suggest that increased ROS resulted in
ISR, sensitization, and the hypersensitive response. In addition, metal complexes
of phthalocyanine stimulated ISR when applied to rice seeds before sowing, and
the protection lasted for at least one month in seedlings. More emphasis should be
placed on effective seed treatments for ISR.

Can defensins and protegrins be utilized effectively for ISR? Defensins and
protegrins are antimicrobial peptides found in plants and animals ranging from
insects to humans. They are part of an innate immune system which evolved
before antibodies and lymphocytes. Since antimicrobial peptides are reported in
plants, ISR may provide a mechanism to enhance production of the peptides in
plants without the introduction of foreign genes.

Do DNA-binding proteins (zinc fingers) and cell-permeable polyamides have a
role as agents for the selective expression of genes for ISR? Synthetic transcription
factors have been developed which are designed proteins containing DNA-binding
elements, or zinc fingers (Borman, 2000). Similar structures are found in some
natural transcription factors. Zinc fingers are independently folding domains of
about 30 amino acid residues centered on a zinc ion. These proteins and synthetic
polyamides can turn endogenous genes on and off in living cells in a very specific
manner.

Does the progress made with bacterial harpin indicate the presence of many sim-
ilar proteins for ISR? Harpin produced by the pathogenic bacterium responsible for
fire blight (Erwinia amylovora), induces systemic resistance in plants against many
diseases caused by fungi, bacteria, and viruses, as well as some insects (Brasher,
2000; Bednarz et al., 2002). It also promotes root growth, reducing the need for
water. The protein can be sprayed on plants before they are attacked by pathogens
and it degrades so quickly that it cannot be detected within two hours of application.
Other pathogens and even some nonpathogens are reported to produce harpin-like
proteins and it is likely that proteins other than harpins have a capability for ISR.
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2.7 Conclusions

Though resistance and susceptibility to pathogens are often specific and biochemi-
cals determining this specificity have specific structures and receptors, nonspecific
agents and multiple signals and pathways for their transduction can also induce
resistance to unrelated pathogens and toxicants. This makes the possibility of
finding additional effective agents for ISR and disease control highly promising.
The agents need not be patented, expensive, or complex. Much more research is
needed on the use of ISR agents to reduce dependence on chemical pesticides
and enhance utilization of high-yielding plants that presently have a level of re-
sistance that is inadequate for disease control under high pathogen pressure. ISR
does not depend upon introducing genes into the plants, and it would not meet the
resistance from the public engendered by genetically modified plants. ISR should
be increasingly incorporated into integrated pest management practices. Increased
funding and information exchange is needed to better utilize and direct the rapidly
emerging information concerning signals, receptors, signal transduction, and gene
expression for the practical control of plant disease.
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QTL Analysis of Multigenic Disease
Resistance in Plant Breeding

JAMES D. KELLY AND VERONICA VALLEJO

3.1 Introduction

Multigenic or quantitative disease resistance has challenged plant breeders work-
ing to develop disease resistant crop cultivars. The challenge to incorporate into
new cultivars equivalent levels of resistance that existed in the original genetic
resistance stock(s) is formidable, given the apparent complexity of quantitative
resistance. Environmental factors, complex multigenic inheritance, plant avoid-
ance, and escape mechanisms combine to hamper the efforts of breeders working
to incorporate multigenic resistance into future cultivars. Breeding for quantita-
tive resistance is more formidable than for qualitative resistance traits as more
complex and lengthy breeding procedures are needed to effectively incorporate
adequate levels of quantitative resistance into new crop cultivars. The expression
of quantitative resistance in many instances is partial, not absolute, and the con-
trol of resistance appears to be governed by many genes acting cumulatively. The
rating of genotypes for disease development in field or greenhouse becomes more
subjective due to interactions with environmental and plant morphological fac-
tors, requiring additional testing and replications to validate their accuracy. In the
literature, many nonspecific and complex resistance mechanisms associated with
quantitative resistance have been grouped under the broad general headings of hor-
izontal resistance, polygenic resistance, partial resistance, or durable resistance,
which suggests complexity but contributes little to resistance breeding. Current
analytical molecular tools, however, are making the breeding of quantitative re-
sistance more effective and new insights on the magnitude and location of such
resistance loci may assist plant breeders in better exploiting this type of resistance
in future crop cultivars. Quantitative Trait Loci (QTL) analysis is a valuable tool
for genome exploration and the investigation of multigenic traits. The focus of this
chapter is to review the body of work devoted to the identification of QTL control-
ling quantitative disease resistance in crops and the exciting implications of the
implementation of QTL analysis to dramatically enhance disease resistance breed-
ing. QTL analysis is rapidly changing the way scientists view disease resistance
and the time-held concepts and importance of major and minor gene resistance. In
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order to discuss the implications of QTL analyses in resistance breeding, we first
attempt to bring some clarity to the terminology and controversial theories that
have historically competed for recognition in the breeding literature.

3.2 Terminology

3.2.1 Complex Multigenic/Quantitative Traits
and Durable Resistance

The terms multigenic and quantitative are somewhat interchangeable but multi-
genic implies knowledge of gene action, hence genotype, whereas quantitative
implies characterization based on observation, hence phenotype. Not all quantita-
tive traits are multigenic in terms of gene action as environmental factors combine
to influence phenotypic expression of complex traits. As authors, we favor the use
of the term quantitative; in most instances, breeders base decisions on phenotype,
since gene action of complex traits is not always known. Most, but not all, com-
plex resistance traits are controlled by multiple loci. A complex trait is one that
does not fit simple Mendelian ratios (Young, 1996). Resistance phenotypes that
do not fit discrete categories and are measured quantitatively are assumed to be
controlled by multiple loci referred to as QTL. QTL for resistance refer to locations
on the genome that are involved in quantitative resistance, but are not informa-
tive of the function (Lindhout, 2002). Quantitative resistance has been assumed to
be more durable than resistance conferred by a single dominant gene (Parlevliet,
2002). Durable resistance is resistance that remains effective during prolonged and
widespread use in environments favorable for the spread of the pathogen (Johnson,
1984). This definition does not imply gene action or resistance mechanism. It is
generally assumed, however, that for resistance to be durable it must be under
polygenic control. This term implies the role of many genes with the implication
that each “gene” has a small but cumulative effect on the expression of resistance
in the host. The explanation is based on the inability of scientists to identify clearly
major gene effects controlling resistance. Causes for the inability to identify major
gene effects are based on (1) absence of major genes and role of minor genes in
resistance expression, (2) large environmental effects on major or minor genes
which result in non discrete resistance categories, (3) mixtures of pathogenic races
that obscure major gene effects, (4) pathogen interactions, (5) interaction with
plant morphological avoidance mechanisms or disease escape due to difference in
phenology between genotypes, and (6) possible confusion with tolerance mecha-
nisms where specific genotypes tolerate higher levels of disease infection without
a corresponding reduction in productivity.

Durability of resistance is viewed as a quantitative trait as it can range from
ephemeral to highly durable (Parlevliet, 2002). Despite the clear recognition that
ephemeral resistance is characterized by major gene resistance to those pathogens
known as specialists (Lamb et al., 1989), the nature of durable resistance is less
clear. Durable resistance can be oligogenic particularly against viral pathogens
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(Harrison, 2002), but more commonly resistance is quantitative and durable to
those pathogens known as generalists that pathogenize a wide host range. The long
held theory that polygenic resistance is more durable (van der Plank, 1968) is now
being refuted due to the ability of certain pathogens (Mycosphaerella graminicola)
to overcome both qualitative and partial resistance in wheat (Triticum aestivum;
Mundt et al., 2002) and reports that monogenic resistance can be durable (Eenink,
1976). For example, the genetic control of bean common mosaic virus (BCMV)
conditioned by the dominant / gene (Ali, 1950) has been effective in common bean
(Phaseolus vulgaris) for over 40 years. No reports exist of breakdown of the I gene
resistance to new evolving strains of BCMYV, despite the extensive deployment of
the / gene in bean cultivars worldwide.

3.2.2 Horizontal and Vertical Resistance

Since its introduction by van der Plank (1968), the concept of vertical and horizontal
disease resistance has been an invaluable hypothesis for plant breeders needing
to conceptualize the nature of the disease resistance in a specific crop/pathogen
interaction. The need to understand the interaction is essential to formulate a
strategy for resistance breeding based on the type of resistance (qualitative or
quantitative) present in the host, and the nature and type of variability in the
pathogen. Breeders rarely choose the type of resistance with which they work, as
factors outside their control influence that decision. Such factors include: the nature
of the pathogen (specialist or generalist), host range (wide or species specific),
type and availability of resistance mechanisms present in the host (gene-for-gene
vertical resistance, nonspecific avoidance), the level of resistance (complete or
partial) needed in the crop, and the difficulty of distinguishing partial resistance in
the presence of major resistance genes.

van der Plank (1968) defined vertical resistance as race-specific and horizontal
resistance as race-nonspecific. The terminology used to describe these types of re-
sistance can be confusing as it includes both the genetic control of resistance and
observations on the performance of resistance in the field. The term “quantitative
resistance” has often been synonymous with “horizontal resistance”, implying, by
van der Plank’s definition, that quantitative resistance is race-nonspecific. QTL for
resistance can be identified using specific races of the pathogen that behave as spe-
cialists, but the more common instance is the association of QTL with resistance
to a pathogen that is a generalist in its mode of action. Certain QTL are related
to strain-specific resistance whereas others are strain-nonspecific (Young, 1996).
Qi et al. (1998) mapped QTL for resistance to leaf rust (Puccinia hordei) in bar-
ley (Hordeum vulgare) and identified several QTL (RphqI-6) linked to resistance
using a single isolate of P. hordei. A subsequent study using another isolate (24)
(Qi et al., 1999) found that four other QTL (Rphg7-10) were specific for isolate
24 and two QTL (Rphg5 and 6) were specific to a different isolate of P. hordei.
Isolate-specific QTL for resistance have also been found for bacterial wilt (Pseu-
domonas solanacearum) in tomato (Lycopersicon esculentum; Danesh and Young,
1994) and late blight (Phytophthora infestans) in potato (Solanum tuberosum;
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Leonards-Schippers et al., 1994). These studies lend support to the “minor-gene-
for-gene” hypothesis that there exist small but significant cultivar/isolate interac-
tions (Parlevliet and Zadoks, 1977) that appear qualitative on an individual basis
but behave cumulatively in a quantitative manner.

The discovery that QTL for resistance can be race-specific opens the possibility
that these QTL are involved in similar resistance mechanisms as major race-specific
R-genes. In the concept of race-specificity of major R-genes, elicitor molecules
encoded by an Avr gene in the pathogen are perceived by the plant cell by binding
of this ligand to a receptor encoded by the R-gene. Binding of this ligand by
the receptor triggers a signal transduction pathway leading to the hypersensitive
response (HR), which is characterized as accelerated, localized, plant cell death,
and an incompatible reaction (Hammond-Kosack and Jones, 1997). Vleeshouwers
et al. (2000) studied the interactions between P. infestans and Solanum spp. by
examining the differential reactions of a diverse series of wild species. They found
that in partially resistant species, HR was induced between 16 and 46 hours,
and had variable lesions of five or more dead cells from which, in some cases,
hyphae were able to escape and establish disease. These results, and other studies
discussed in Sections 3.8 and 3.9 of this chapter, indicate that the HR of the partially
resistant Solanum species used was quantitative in nature. Partial resistance refers
to quantitative resistance not based on HR (Parlevliet, 1975); thus, partial resistance
should not be used synonymously with QTL unless the type of gene action is
known.

The types of mechanisms functional in horizontal resistance are commonly
referred to in the literature as multigenic or polygenic. A more appropriate termi-
nology that would benefit breeders in distinguishing the types of host resistance
is based on the classification of the trait as either qualitative or quantitative resis-
tance. Breeders are familiar with these types of traits and can formulate effective
breeding schemes to incorporate such traits into new cultivars. When treated as
quantitative resistance, the breeder has a body of information on the expression of
these types of traits and methodologies to effectively manipulate such traits (Hal-
lauer and Miranda, 1981). The basis for quantitative inheritance is as complex as
the traits being studied since the range of traits under quantitative control in most
crops plants dramatically out-number those under qualitative control. Progress in
the improvement of quantitative traits has lagged behind similar efforts to improve
simply inherited traits due to their complexity, lack of complete expression, in-
consistent screening methods, and the need for widespread multilocation testing.
The lack of progress is best understood when differences in inheritance patterns
between qualitative and quantitative resistance are compared.

The relative contribution and stability of the QTL to disease resistance is another
important criterion of QTL analysis. Quantitative genetic theory implies that many
minor genes control quantitative traits, but what is not known, is the differential
effect of different minor genes. In the case of disease resistance, QTL analysis
reveals that resistance may be controlled by a few QTL with major effect (high
coefficient of determination, R% > 35%), and a number of QTL with relatively
minor effects (R><15%) (Kolb et al., 2001; Young, 1996). For example, one QTL
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conditioning resistance to downy mildew (Sclerospora graminicola) in pearl millet
(Pennisetum glaucum) accounted for 60% of the phenotypic variation whereas
another accounted for only 16% of the variation associated with resistance (Jones
et al., 2002). Clearly such information provides breeders with a clear choice on
which QTL to emphasize in breeding for resistance, along with the tools to achieve
that objective.Other factors that influence the effectiveness of QTL analysis are
the potential interaction between QTL, and their stability across environments and
populations, and possible linkages with other traits. Generally breeders shy away
from population and environmentally sensitive QTL as they are too restrictive to
the overall goals of most breeding programs (Asins, 2002).

3.3 Historical Perspective

Due to the complex nature of inheritance, classical Mendelian techniques were not
applicable to quantitative traits, and in the early part of the 20th century, quantitative
genetics emerged as a specialized branch of genetics to address issues related to
traits under quantitative genetic control. Until recently, quantitative genetics relied
on biometrical approaches that deal mainly with the characterization of multiple
factors affecting a quantitative trait and partition the phenotypic variance into its
genotypic and environment components (Hallauer and Miranda, 1981; Sprague,
1966). From these statistical procedures, several parameters could be estimated
including the approximate number of loci influencing the trait, gene action, gain
from selection estimates, and the degree to which the loci interacted with other
loci and the environment to produce the observed phenotype. These approaches,
however, were limited in the sense that they were not able to characterize any
one specific locus that contributed to the trait, either its location or size of effect.
The biometrical information did provide breeders with information on type of gene
action that suggested the most appropriate breeding methods to use to optimize
or fix favorable gene action controlling the quantitative trait. Many of the mating
procedures, however, were limited to specific crops such as maize (Zea mays) due
to the pollination mechanisms and reproductive biology of the crop.

Sax (1923), accredited with being the first to describe the theory of mapping
quantitative traits, showed that loci involved in a quantitative trait (seed size in
common bean) were associated with a qualitative trait (seed-coat pigmentation).
Another pioneer in the characterization of quantitative traits, Thoday (1961), sug-
gested the need to exploit the association with qualitative traits as a means to locate
the polygenes involved in the control of a complex trait. He astutely noted, how-
ever, that the limiting factor in using this strategy was the availability of suitable
markers. With the advent of molecular markers that are sufficiently numerous to
provide adequate genome coverage, this is no longer a limitation and therefore,
QTL mapping, at least in theory, can resolve any additive gene of small effect as
Mendelian through associations with a marker locus. The era of molecular markers
commenced with the discovery of isozyme techniques (Hunter, 1957; Smithies,
1955) and quickly progressed to DNA-based marker systems, first of which were
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RFLP (Botstein et al., 1980) followed by PCR-based molecular markers (RAPD,
SCAR, SSR, AFLP; Michelmore et al., 1991; Vos et al., 1995; Weber and May,
1989; Williams et al., 1990). For a more complete review of the different marker
systems available for mapping, see Staub et al. (1996).

The basic concept of QTL mapping is very simple: to find significant associa-
tions between marker genotypes and quantitative phenotypes in a large controlled,
experimental cross between two parental genotypes. A conceptual diagram of QTL
mapping is provided by Young (1996). In practice, however, there are many is-
sues: (1) population size, (2) parental selection, (3) population type, (4) marker
efficiency, (5) phenotypic data that breeders need to consider, (6) map density, and
(7) data analysis that influence QTL analysis.

3.4 Mapping Considerations
3.4.1 Population Size

The purpose of a mapping population, in essence, is to simplify partitioning of
genetic variance components to provide a clear genetic interpretation and genomic
data analysis. The mating design of a mapping population is important for making
the relationships among the polymorphic markers and traits of interest detectable
and tractable. The effective population size for QTL analysis is a very important
consideration that has a direct impact on the resolution of the map and the accuracy
of the QTL location. Population size also affects the genetic gains breeders achieve
using marker-assisted selection (MAS). If the population is not large enough
(<100 individuals) in a QTL analysis, certain putative QTL will not be detected
and therefore gains using these candidate QTL in MAS will be reduced. Large pop-
ulation sizes (>200 individuals) are not always feasible due to the space and time
constraints on the researcher, therefore, some strategies have been implemented to
maximize information from smaller populations, including selective genotyping
(Lander and Botstein, 1989) and DNA pooling of similar phenotypes (Michelmore
etal., 1991).

In QTL analyses, selective genotyping and bulked segregant analysis (BSA)
(Michelmore et al., 1991) have been utilized to efficiently screen large numbers of
polymorphic markers, without having to genotype entire segregating populations.
Selective genotyping involves the identification of a subset, usually 10-14% of
the genotypes that possess extreme phenotypes of the population. By this method,
breeders can obtain equal or greater information about QTL than from mapping
of randomly chosen individuals. A small percentage of the total genotypes that
exhibit extreme phenotypic values for the trait of interest can be grouped (bulked)
together, and either analyzed as individuals, or through BSA, where the DNA of the
similar phenotypes are pooled. BSA is most often used when mapping genes with
major effect. BSA may have limited application to QTL analysis due to factors
such as dominance and non-Mendelian segregation that decrease the effectiveness.
Selective genotyping and BSA has been used successfully in the identification of
QTL for quantitatively-inherited traits related to disease resistance (Chen et al.,
1994; Miklas et al., 1996; Schneider et al., 2001). Another application of BSA in
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QTL analysis is in fine mapping of a QTL position. To find additional markers
linked to a particular genomic region, pools are created based on alternate alleles
at a marker locus, providing a very efficient method for screening large numbers
of markers to saturate a QTL region (Giovannoni et al., 1991). Paterson (1998)
states that rare QTL with large effects can be fixed in the phenotypically extreme
individuals, and therefore may be detected as a chromosome segment polymorphic
between contrasting DNA pools. Most QTL with smaller effects, however, will
remain heterogeneous in the DNA pools and will not be detected. To detect many
QTL with smaller effects, Paterson suggests a comprehensive mapping approach.
Despite the view that DNA pooling might be useful in the identification of QTL
of very large effect but unlikely to permit the comprehensive identification of the
majority of QTL affecting a complex trait (Wang and Paterson, 1994), breeders
have successfully used BSA in the identification of QTL for disease resistance
(Miklas et al., 1996; Young, 1996).

3.4.2 Selection of Parents

When the objective of the research is to search for genes controlling a particular
disease resistance trait, adequate genetic variation for resistance must exist between
the parents. There must be sufficient variation between the parents at the DNA
sequence level and at the phenotypic level for the trait of interest. The choice of
parents may be restricted by the availability of resistance but breeders usually make
adecision as to the level of diversity of the parents of the mapping population. Wider
diversity between parents may be desirable to allow the mapping of traits in addition
to the targeted resistance source, or breeders may need to work with genetically
similar parents to avoid the interaction of other traits such as plant morphology
and phenology on the expression of resistance in the field (Lindhout, 2002).

3.4.3 Population Type

The most commonly used mating types in QTL analyses are F, and backcross (BC)
populations. The disadvantage of these types of populations is that they are unique
and progeny cannot be propagated, so breeders are unable to recreate the same
population for further testing. Recombinant inbred lines (RIL) and double hap-
loid (DH) homozygous lines can be used to avoid this problem because the lines
are maintained by selfing, allowing marker-trait associations to be scored across
multiple environments in a completely homozygous background. RIL are devel-
oped initially by self-pollinating the F, generation for up tol10 generations using
the single-seed descent method (Burr and Burr, 1991). DH lines are produced by
the induction of diploid gametes by tissue culture. In this case, haploid gametes
from F; parents are chemically treated to induce the doubling of the chromo-
some number (Jensen, 1989; Knapp, 1991; Knapp et al., 1990). The technology to
generate DH lines, however, is not available in all crops. Although RIL populations
take longer to generate, they have become the cornerstone of many QTL analyses
as they can be easily duplicated for widespread testing. The utility of phenotypic-
based DNA pools on the isolation of QTL in different genetic populations was
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assessed by Wang and Paterson (1994). The effects of population size, portion of
population selected, magnitude of phenotypic effects of individual QTL alleles
(QTL allele effects) and effects of both dominance and deviations from Mendelian
segregation ratios were considered. Backcross populations were better than F,
populations, but were less efficient than RIL or DH populations in detecting QTL.
To detect QTL using phenotypic-based DNA pools, Wang and Paterson (1994)
suggested using wide crosses, large homozygous populations such as RIL and DH
populations where the replication of phenotypic data is easily facilitated by the
use of homozygous populations.

3.4.4 Marker Efficiencies

The choice of markers is dependent on those available in each crop, but PCR mark-
ers are the clear choice over RFLP markers because of cost and convenience. Many
of the major crops such as soybean (Glycine max) have numerous microsatellite
or SSR markers (Cregan et al., 1999a) and/or SNP and CAPS markers available
for mapping. In minor crops where sequence-based markers are not yet available,
breeders may utilize AFLP markers or even RAPD markers. Different marker sys-
tems have varying levels of resolution to detect genome variations. Codominant
markers are generally preferred over dominant markers in certain populations.
Dominant marker types are not recommended for F, populations because in re-
pulsion linkage phase the dominant markers provide low information content on
linkage (Paterson, 1998). This disadvantage is less acute when mapping more ho-
mozygous RIL populations. In a BC population, if the recurrent parent is recessive
for the dominance loci, dominant and codominant markers are equivalent in terms
of genomic analysis.

3.4.5 Phenotypic Data

Limitations of QTL analyses rarely lie in the lack or inability to find useful poly-
morphic markers associated with disease resistance, but reside in the accuracy of
trait analysis. The collection of the phenotypic data used to conduct the analysis is
challenging in terms of the establishment of rating scales for disease evaluation,
actual evaluations and data collection, seasonal and location effects of the environ-
ment and the structure and size of the genetic population being evaluated. All of
these factors can contribute unexplained variability to the data set and need to be
considered by the researcher conducting the analysis. In the vast majority of cases
the weakness of the QTL analysis resides in the phenotypic data used to conduct
the analysis and less in the density of markers available for mapping. The most
common rationale in mapping disease resistance traits is to generate a segregating
population where individuals exhibiting the extreme expression(s) of the resistance
trait can be identified for mapping purposes. In the case of the oligogenic traits,
such contrasting individuals can easily be identified in early generations such as
the F,, whereas in mapping of quantitative resistance, individuals can only be
identified on a progeny basis in later, more homozygous, generations. Since the
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expression of quantitative resistance can be effected by environmental conditions,
the resistance trait needs to be measured over locations and/or years. The need to
create, replicate and evaluate more homozygous lines results in significant delays
in all QTL analyses of quantitative resistance. All sound QTL analyses must be
based on clear reproducible quantitative phenotypic data generated from the ge-
netic population segregating for the resistance trait. Breeders need to be aware that
many QTL analyses fail to identify true or significant effects simply due to weak
or questionable phenotypic data collected on the disease resistance trait. Marker-
assisted selection must be based on a data set that is uncompromised in quality
and reproducibility.

3.4.6 Map Density

QTL discovery may be conducted with or without using an existing genetic linkage
map. Not all crop species, such as the octoploid strawberry (Fragaria x ananassa),
have a well-saturated linkage map with even distribution of markers across the
genome. In such instances, QTL discovery is accomplished by simply finding a
statistically significant association between a phenotype and a marker. The marker
is often detected by screening random primers against a population segregating for
the quantitative trait. Although this approach may appear inefficient, valuable QTL
for resistance to root rot (Fusarium solani f. sp. phaseoli) have been discovered
in common bean by this method (Schneider et al., 2001). In crop species such as
soybean that do have linkage maps with even distribution of markers across the
genome (Cregan et al., 1999b), marker density can have an impact on the accuracy
or resolution of the QTL location. In general, markers should be evenly distributed
with at least one marker every 5 cm. Genome coverage and map density can be
influenced by a number of different factors: size of the genome, population size
and type, mapping strategy used, distribution of crossovers in the genome, and
number of markers (Liu, 1998).

3.4.7 Data Analysis

Three main methods of data analysis are generally used in evaluating linkage
between markers and a phenotype. These methods include: single-marker analysis,
interval mapping, and composite interval mapping.

Single-Marker Analysis

In single-marker analysis, the trait value distribution is examined separately for
each marker locus. This can be done using a simple t-test, analysis of variance,
linear regression, or likelihood ratio test and maximum likelihood estimation.
Due to the simplicity of this analysis, SAS (Statistical Analysis Software, SAS
Institute, Cary, NC) can be used. There are a few disadvantages of this type of
analysis. One disadvantage is that the QTL location and the putative QTL genotypic
means are confounded, which reduces the statistical power of this analysis. This
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is a particularly important consideration when working with a low-density map.
Another disadvantage to single-marker analysis is that the QTL cannot be precisely
mapped due to the non-independence among the hypothesis tests for linked markers
that confound QTL effect and position (Liu, 1998). This method is therefore more
suited to a study where the goal is to simply detect QTL linked to a marker rather
than to accurately map and estimate their effects.

Interval Mapping

The limitations of single-marker analysis prompted Lander and Botstein (1986a;
1986b; 1989) to propose an interval mapping (IM) method to position QTL. In
IM, a separate analysis is performed for each pair of marker loci using one of the
three approaches: likelihood (Lander and Botstein, 1989), regression (Knapp et al.,
1990), and/or a combination of both methods. The IM method provides increased
power of detection of QTL and more accurate QTL positioning when compared
to single-marker analysis (Liu, 1998). The disadvantages of this method are that
the number of QTL cannot be resolved, the exact position of the QTL cannot be
determined, and the statistical power, although higher than single-marker analy-
sis, is still relatively low. These problems can result from linkage or interactions
between QTL, and limited information in the model (Liu, 1998). The outcome of
this method is highly influenced by background QTL that result in low wide peaks
which mask the appearance and positioning of multiple linked QTL.

Composite Interval Mapping

Composite interval mapping (CIM) is a combination of interval mapping and
multiple linear regression (Zeng, 1993, 1994). This method considers a marker
interval and a few chosen markers in each analysis. These chosen markers are
used to reduce background effects of other linked QTL in the analysis of a marker
interval. The result of CIM is to define the most likely position of the QTL with
more precision and greatly increase the resolution of the analysis, which is the
most important advantage of CIM over single-marker analysis and IM. Since there
are more variables in the model, CIM is more informative and efficient, and results
can be presented using the log likelihood ratio test statistic plot and the LOD score
plot for all possible genome positions.

3.5 Applications of QTL Analysis to Disease
Resistance Breeding

QTL analysis has enhanced our understanding of quantitative resistance in a num-
ber of key areas by revealing the location and size of loci controlling disease
resistance. Locating resistance loci has confirmed the interaction between resis-
tance traits that control physiological processes and those traits influencing plant
morphology and phenology that control disease avoidance and/or escape in a field
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setting. By locating loci for quantitative disease resistance on different linkage
groups, QTL analyses provide unique opportunities to pyramid resistance loci in
order to restore higher levels of resistance lost in many cases after crossing with a
highly resistant source (Vertifolia effect; van der Plank, 1968). While the practical
application of MAS for quantitative traits has yet to be fully realized in breeding,
many studies recognize its potential to facilitate improved disease resistance con-
trolled by quantitative traits (Asins, 2002; Faris et al., 1999; Jones et al., 2002;
Kolb et al., 2001; Lindhout, 2002; Lubberstedt et al., 1998; Mangin et al., 1999;
Miklas et al., 1998; Pilet et al., 1998; Schechert et al., 1999). QTL-marker associ-
ations may also provide a basis for a greater understanding of quantitative disease
resistance through the identification of loci that influence resistance to more than
one disease (Ariyarathne et al., 1999). The application of MAS in breeding for
quantitative resistance should have the most impact in breeding for resistance to
soilborne pathogens such as Fusarium and Sclerotinia. Screening for resistance
in the field is both destructive and complicated by the interaction of other soil
borne pathogens (root rot complex), seasonal environmental factors, and plant
morphological traits that contribute to disease avoidance or escape which hin-
ders the normal selection procedures (Tanksley et al., 1989). Replacing laborious
screening of quantitatively inherited traits with MAS has several advantages in
a breeding program. Breeding for quantitative resistance can be enhanced with
the discovery of QTL for resistance that would allow for the indirect selection of
resistance without confounding effects of environmental factors. In the absence
of candidate QTL, breeders were often forced to cross “blindly” in the hope that
they were combining resistance sources (loci) but with the discovery of QTL,
breeders can target specific loci on different linkage groups and combine these in
future resistant cultivars. The breeding literature has many examples of attempts
to transfer quantitative resistance to potential new cultivars that have resulted in
the transfer of partial levels of resistance. When breeders lack the tools to identify
putative QTL involved in resistance they are equally ineffective in transferring all
the resistance QTL to future cultivars.

3.6 Use of Multitrait Bulking Methods in QTL Analysis

Disease development can be influenced by plant morphological and phenologi-
cal factors that must be considered by breeders working with quantitative disease
resistance. For example, a number of agronomic traits, including growth habit,
canopy height and width, branching pattern, lodging, days to flower and matu-
rity have been shown to be significantly associated with white mold (Sclerotinia
sclerotiorum) development in common bean (Kolkman and Kelly, 2002). The in-
teraction of such traits on the expression of the disease resistance trait complicates
breeding for resistance. Morphological traits such as plant architecture afford dis-
ease avoidance, whereas phenological traits such as early flowering afford disease
escapes in many instances (Coyne, 1980; Kolkman and Kelly, 2002). Since both
types of traits influence disease reactions in the field, both need to be considered in
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a QTL analysis of specific disease resistance traits. In the selective genotyping of
quantitative resistance, the identification of individuals with extreme expression of
disease resistance may result in the selection of individuals that exhibit undesirable
morphological and/or phenological traits due to interaction of these traits on the
expression of disease resistance. Highly resistant individuals may result not from
the expression of true physiological resistance but from a combination of such
agronomically undesirable traits as short plant stature, or extremely early flower-
ing or maturity that result in individuals with no agronomic or yield potential for
commercial production. Such individuals serve no potential as parents, or cultivars
as their agronomic weaknesses outweigh their low disease resistance ratings. This
problem becomes particularly acute in QTL analyses where selective genotyping
is used to assist the breeder in identifying the extreme expression(s) of disease
resistance, but results in an analysis of the extreme expression of agronomic traits
that escape or avoid the disease, resulting in the mapping of traits associated with
agronomically inferior individuals.

In the mapping of QTL associated with white mold resistance in common bean,
DNA bulks comprised solely of a small number of lines in the extreme pheno-
types may not adequately represent useful resistant genotypes in the population.
Since the use of selective genotyping for a trait as complex as resistance to white
mold may be hindered by the limitation of a set of DNA bulks based on disease
reaction alone, Kolkman and Kelly (2003) compared the efficiency of single and
multitrait bulking strategy for the identification of QTL associated with white mold
resistance. The multitrait bulking strategy utilized multiple traits (MT) to develop
contrasting DNA bulks for use in genotyping as opposed to traditional single
trait bulks. The traits selected in the MT bulks included disease reaction and also
flowering range and yield to avoid the indirect selection of resistant, low-yielding
genotypes with inferior agronomic traits such as very early or late flowering that
would effect local adaptation (Kolkman and Kelly, 2003). The results of the study
indicated that both single- and multi- trait bulking strategies identified QTL for
resistance to white mold on one linkage group. However, eight molecular mark-
ers on a second linkage group B7 were identified using the MT bulks, whereas
the single-trait bulk for disease incidence alone would not have identified the
most closely linked markers to the QTL conferring resistance to white mold on
B7. The disease ratings in the selected individuals within the resistant MT bulks
were higher than those of the single-trait disease resistant bulk, suggesting that
the disease resistant bulk may have included genotypes with greater avoidance
mechanisms that significantly reduced yield but were potentially commercially
unproductive. The authors concluded that genotyping a chosen set of individuals
with specific phenotypes, based on a priori knowledge of the traits that are seg-
regating in the population that may affect the desired phenotype, was an efficient
method to detect markers linked to the resistance phenotype which would not
have been detected in the single-trait disease resistant bulks alone (Kolkman and
Kelly, 2003).

In soybean, two of the three QTL associated with disease resistance to S. scle-
rotiorum, were also associated with plant avoidance mechanisms, such as plant
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height, lodging, and date of flowering (Kim and Diers, 2000). The authors speculate
that the third QTL, which was not significantly associated with escape mechanisms,
may be involved in physiological resistance to S. sclerotiorum. Plant avoidance
mechanisms may also play an important role in resistance to S. sclerotiorum in
sunflower (Helianthus annuus). QTL accounted for up to 60% of the leaf resis-
tance and up to 38% of the capitulum resistance in sunflower. Apical branching
pattern was suggested as exhibiting the best resistance to infection of the capit-
ulum (Mestries et al., 1998), whereas the association between days to flowering
and resistance to S. sclerotiorum in sunflower was dependent upon the population
(Castano et al., 1993). Clearly, MAS allows for the identification and selection of
superior genotypes without having to employ undue effort in phenotyping large
number of individuals. The difficulty in detection of desirable phenotypes, due to
factors such as environmental variation, hinders normal selection procedures for
important quantitative traits, and increases the importance of MAS. DNA bulks
comprised solely of a small number of lines in the extreme phenotypes may not
adequately represent resistant genotypes in the population. DNA pooling strategies
based on a priori knowledge about the population should help resolve useful mark-
ers linked to QTL, and discern the location of QTL regions (Wang and Paterson,
1994). Genotyping multiple traits that are related to the trait of interest have been
effective in identifying QTL that may not be detected through screening extreme
phenotypes (Kolkman and Kelly, 2003; Ronin et al., 1998).

3.7 Identification of Novel Disease Resistance
Sources Using QTL Analysis

Interspecific hybridization has been used to improve disease resistance in many
crop species (Hadley and Openshaw, 1980). The inheritance of the resistance is
not always known as breeders rarely conduct genetic studies in the alien species
but focus on the successful transfer of the resistance to the cultivated species.
As a result the assumption is often made that resistance in the alien species is
novel and worth the substantial efforts needed to transfer resistance. Mapping of
QTL has provided new information on resistance sources integrated from other
species. Lack of adequate levels of resistance to common bacterial blight (CBB;
Xanthomonas axonopodis pv. phaseoli) in common bean has forced bean breeders
to find resistance in the related tepary bean (P. acutifolius) species. Impetus to
use interspecific crosses came from early work by Honma (1956) who reported a
successful interspecific hybrid between common and tepary bean that has become
the focus of CBB resistance breeding for the last 40 years. Progress in breeding
for resistance to CBB in common bean has been modest as resistance is quantita-
tive, largely influenced by environment and pathotype, and functional in different
organs, leaf, seed, or pod depending on resistance source(s). The complexity of
resistance to CBB where different QTL conditioned resistance in young and adult
tissues to different strains of the pathogen, or where one genomic region possessed
a factor(s) which influenced resistance in all three tissues, seeds, leaves, and pods,
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while another QTL only influenced resistance within a single plant organ has been
demonstrated (Jung et al., 1999; Kelly et al., 2003). Such complexity in disease
expression has limited progress in breeding for resistance to CBB.

Despite these difficulties, QTL analyses of resistance to CBB in common bean
has resulted in the identification of four major QTL associated with resistance on
four different linkage groups that provides breeders with the possibility of com-
bining QTL to enhance resistance. One of the most revealing findings provided
by QTL analyses concerns the resistance source originally believed to have been
derived from the tepary bean (Honma, 1956). This source has proven to be of com-
mon bean origin, not tepary as previously thought (Miklas et al., 2003). The QTL
for resistance on linkage group B10 is found only in common bean germplasm
and is absent from all tepary bean resistance sources tested (Miklas et al., 2003).
The resistance QTL on linkage group B10 co-segregated with resistance in com-
mon bean progeny tested for reaction to CBB confirming that resistance was not
derived from tepary bean in the original cross. QTL mapping, therefore, provides
an opportunity to verify the uniqueness of resistance sources prior to using them
directly in breeding programs.

Another advantage of QTL analysis is the identification of previously unknown
resistance sources. QTL have revealed that different genetic sources present in re-
lated species may not always represent new or novel resistance loci. These exotic
sources may be assumed to be unique, as the resistance sources are not charac-
terized if present in a related species. Genetic studies are not routinely conducted
on alien or exotic species to determine their relationship, so a savings in time
and resources results from knowing if an exotic resistance source does or does
not carry a unique QTL. Given the lack of adequate resistance sources to CBB in
common bean, resistance has been successfully introgressed from different tepary
accessions into common bean (McElroy, 1985; Scott and Michaels, 1992). QTL
analyses of these resistance sources for CBB derived from different interspecific
tepary bean sources mapped to linkage groups B6 and B8 on the common bean
map (Miklas et al., 2000). These resistance sources are clearly derived from tepary
bean, as the QTL are absent in susceptible common bean genotypes and present
in resistant tepary bean germplasm. One of these sources with QTL on B6 and B8
is XAN 159 (McElroy, 1985), the most widely deployed source of resistance cur-
rently used by bean breeders. A second tepary derived resistance source OAC 88-1
was developed independently (Scott and Michaels, 1992). Since no genetic studies
were conducted on the tepary bean sources, the assumption that different resistance
sources had been successfully introgressed into common bean persisted. This as-
sumption has proved false as the QTL from XAN 159 known as SU91 mapped to
the same location on B8 as the R7313, the QTL from OAC 88-1 (Miklas et al.,
2000). This represents a duplication of effort and resources, given the difficulty
of making interspecific crosses between tepary and common bean and the need to
employ embryo rescue in the procedure. Apparently, the same source of resistance
was independently introgressed into common bean without prior knowledge of the
genetic similarities of the tepary bean accessions. QTL analyses can serve a vital
role in distinguishing resistance sources based on their location in the genome.
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Those QTL that map to the same location most likely condition similar resistance;
with that knowledge, intelligent decisions can be made on the choice of sources
to introgress when time consuming interspecific crosses are required. Finally, the
potential to pyramid four QTL, two from common bean and two from tepary bean,
into a single bean genotype opens up the exciting possibility of developing common
bean cultivars with CBB resistance levels (Singh and Munoz, 1999) equivalent to
those in the original tepary bean sources.

3.8 Colocalization of QTL with Resistance Genes

The focus of QTL analysis has changed recently from simply discovery of QTL as-
sociated with quantitative disease resistance to determining the biological function
underlying the QTL. Knowledge about the biological functions of QTL will help
breeders develop cultivars with more durable resistance as well as elucidate the
mechanisms behind quantitative resistance. Understanding the function of genes
that confer quantitative resistance will provide breeders with mechanistic infor-
mation that can be used to make more informed and prudent decisions as to why
QTL for resistance may be more durable. The term QTL is not very descriptive,
only referring to a specific genomic location involved in the quantitative disease
resistance, and does not provide information about the function of those genes.
By studying the function of other genes that map to the same genomic regions
as QTL, information on the mechanisms influencing resistance conferred by QTL
may be elucidated. The role that some QTL play in resistance through their asso-
ciation with the HR (Vleeshouwers et al., 2000) may provide information on the
biological function of QTL in the resistance reaction.

3.8.1 QTL that Colocalize with Major Genes for Resistance
QTL may be Allelic Variants of Qualitative Resistance Genes

There are two broad categories of genes involved in plant defense response:
R-genes (those involved in the recognition of the pathogen), and defense response
(DR) genes (those involved in the general defense response of the plant). One
instance of colocalization is the mapping of a QTL to the same genomic regions
where previously mapped R-genes reside. The existence of quantitative and qual-
itative resistance genes in the same genomic regions favors the consideration that
QTL, which confer intermediate resistance, may correspond to allelic versions
of qualitative resistance genes. This is consistent with the hypothesis that mu-
tant alleles of qualitative genes that affect quantitative traits are one extreme in
the spectrum of alleles (Robertson, 1989). A possible explanation at the molec-
ular level is that qualitative mutants may result from loss of function mutations
whereas quantitative alleles may result from mutations that produce a less efficient
gene product resulting in differences in phenotypes. Support for this theory comes
from a study on rice (Oryza sativa) using 20 RFLP marker loci associated with
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quantitative resistance to rice blast Pyricularia oryzae (Wang et al., 1994). Among
the markers, RG16, located on chromosome 11, was also associated with com-
plete resistance to the same rice blast isolate. In addition, three other marker loci
associated with partial resistance, RG64, RG869B, and RG333, were found to be
linked to the previously mapped R-genes Pi-2(t), Pi-4(t), and Pi-zh, respectively
(Yu et al., 1991). The results of this study indicate that more than one resistance
gene for rice blast may reside in this region of chromosome 11. In other crops,
QTL for P. infestans resistance and the dominant race specific allele R/ have been
identified on chromosome V of potato, in the interval formed by markers GP21 and
GP179 (Leonards-Schippers et al., 1994). The possibility that these QTL are alle-
les of R-genes suggests that the QTL may have a similar function in the resistance
mechanism. The fact that some QTL have been discovered to be race-specific (Qi
et al., 1999) and involved in HR (Vleeshouwers et al., 2000) also lends support to
this theory.

Numerous genes involved in resistance have been isolated and cloned. Sequence
analysis has revealed that there exist four major classes of R-genes and that their
functional domains are highly conserved (Bent, 1996). Degenerate primers, de-
signed from these consensus sequences, are used to amplify R-gene analogues
(RGAs) in the candidate gene approach. Some of these RGAs have also mapped
to regions containing quantitative and/or qualitative resistance loci. A candidate
gene approach was used to identify and map QTL for resistance to anthracnose
(Colletotrichum lindemuthianum) in common bean (Geffroy et al., 2000). Using
a RIL population, and candidate genes, 10 QTL for resistance were identified.
The candidate genes that were used included pathogen recognition genes, such as
R-genes and RGAs, and general DR genes. Three of the QTL, linked to marker
loci D1020,D1861, and D1512, on linkage groups B3, B7, and B11 respectively,
were also associated with previously mapped QTL for resistance to CBB (Nodari
etal., 1993). D1512, on linkage group B11, is also located in the same genomic
region as the qualitative Co-2 gene for resistance to anthracnose, and a family of
leucine-rich repeat (LRR) sequences (Geffroy et al., 1998).

QTL have also been mapped to resistance gene clusters in different crops. Com-
parative mapping is a strategy that has been increasingly more feasible as more
maps are generated across diverse taxa. The fundamental concept is based on the
finding that diverse taxa with common taxonomic families often share similar gene
order over large chromosomal segments. Therefore, QTL mapped in one species
may be located at the same chromosomal region in another evolutionarily related
species (Grube et al., 2000). Using comparative mapping, four QTL for resistance
to Erwinia carotovora ssp. atroseptica, mapped to genomic segments in potato
containing RGAs, qualitative and quantitative factors conditioning resistance to
different pathogens that attack potato, tomato, and tobacco (Nicotiana tabacum;
Zimnoch-Guzowska et al., 2000). Shared markers between the potato linkage map
generated by this study and other potato and tomato maps, were used as anchors
to align the maps and allow positional comparisons. EcalA, a major QTL for re-
sistance to E. carotovora ssp. atroseptica, is located in a similar genomic region
in potato as the Cf gene family in tomato. The Cf genes in tomato are R-genes that
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confer resistance to the fungal pathogen Cladosporium fulvum. The QTL, Eca6A,
is situated in a genomic segment, which in tomato contains the qualitative genes
for nematode (Meloidogyne spp.) resistance, Mi, and the Cf-2 gene. In addition,
EcallA maps to the same region in potato as another QTL for resistance to P.
infestans, the virus resistance gene Ry, the Synchytrium endobioticumm resistance
gene, and to the virus resistance N gene in tobacco. Several factors may contribute
to the clustering effect that has been observed between resistance-related genes
(resistance-related includes quantitative, and qualitative genes and RGAs). Clus-
tering could be an anomaly resulting from small population sizes or insufficient
number of markers used to precisely map the loci. If the genes were located in
an area of reduced recombination rate this would also result in a cluster at that
region. Another important factor is that not all resistance-related genes have been
identified and mapped, therefore, it is not possible to make absolute conclusions
about the clustering of resistance-related genes. The clustering of resistance-related
loci in species of the Solanaceae family was supported by another comparative
mapping study in tomato, potato, and pepper (Capsicum annuum) where several
cross-generic clusters were observed (Grube et al., 2000).

Most pathologists would agree that the plant developmental stage used to eval-
uate resistance influences the type of resistance that is detected. Adult plant resis-
tance is generally considered to be quantitative and distinct from the qualitative
resistance detected in a seedling assay. Two QTL that confer seedling resistance
to three isolates of stripe rust (Puccinia striiformis f. sp. hordei) in barley mapped
to the same region as two of the four QTL that conferred adult plant resistance
(Castro et al., 2002). Coincident QTL detected in distinct assays in different plant
stages suggest different gene action, yet QTL analysis illustrated colocalization.
Linkage mapping of quantitative resistance has revealed other examples of colocal-
ization of major R-genes and QTL for resistance in a wide array of host/pathogen
interactions: powdery mildew (Erysiphe graminis) in barley (Backes et al., 1996),
potyvirus in pepper (Caranta et al., 1997), northern corn leaf blight (Exserohilum
turcicum) in maize (Freymark et al., 1993), powdery mildew (Blumeria graminis)
in wheat (Keller et al., 1999), and cyst nematode (Globodera spp.) in potato (van
der Voort et al., 1998).

QTL may be Defeated Qualitative Resistance Genes

The term defeated, or ghost genes, was first introduced by Riley (1973) to ex-
plain the minor contribution to resistance of major genes that were defeated
by virulent strains of a pathogen. Defeated genes were visualized as contribut-
ing to quantitative resistance controlled by polygenes. Martin and Ellingboe
(1976) proposed that defeated major genes may conserve residual resistance
effects. They showed that Pm genes that had been overcome by virulent iso-
lates of powdery mildew still contributed to the partial resistance in wheat.
Nass et al. (1981) also found residual resistance effects for two Pm resistance
loci, Pm3c and Pm4b, but not for Pm2 and PmS5 loci in wheat. Keller et al.
(1999), however, reported that the Pm5 gene showed a large effect, despite
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the use of virulent races of powdery mildew being present in the mixture of
isolates used. They concluded that the detected effect of the Pm5 gene could
be explained by the reduced growth of isolates that contain avrPm5 virulence gene
due to reduced fitness and/or the delayed spread of the Pm5 virulent isolates due
to the residual effect of the defeated gene. This residual effect could result from
the limited expression of the overcome gene (Nelson, 1978). Li et al. (1999) used
a population of 315 RILs and a linkage map that consisted of 182 RFLP markers
to map the major gene (Xa4) and 10 QTL linked to resistance to bacterial blight,
caused by Xanthomonas oryzae pv. oryzae (Xoo0) in rice. They found that most
QTL mapped to genomic regions where major genes or other QTL for Xoo resis-
tance were located. In addition, they discovered that the Xa4T locus, an allele of
Xa4 from the cultivar, “Tequing”, behaved as a dominant major resistance gene
against strains CR4 and CX08 and as a recessive QTL against strain CR6 of Xoo.
The resistance conferred by the Xa4T allele, however, was overcome by the muta-
tion at the avrXa4 locus in the virulent strain CR6. The Xa4 gene is considered to
be a defeated major resistance gene that plays a key role in rice—Xoo interaction
(Narayanan et al., 2002). These data suggest that the major genes and QTL for
resistance, in this instance, may be the same gene and supports the hypothesis that
defeated major resistance genes have residual effects against different races of the
same pathogen.

QTL may be Members of Multigene Families

An alternative hypothesis is that QTL and major genes that map to the same
genomic region are different members of a cluster of resistance gene families.
Many studies have demonstrated that major genes are often members of clustered
multigene families (Michelmore and Meyers, 1998; Parniske et al., 1997; Pryor
and Ellis, 1993; Ronald, 1998; Song et al., 1997; Yu et al., 1996). These clusters are
composed of linked, and evolutionarily related, resistance specificities, therefore,
a potential for a structural and functional similarity between qualitative genes and
the resistance QTL that map to the same region exists. Grube et al. (2000) showed
that major resistance genes can occur in transgeneric clusters with QTL in the
Solanaceae, suggesting that sequence similarity and probably function similarities
exist between qualitative and quantitative genes for resistance. Therefore, QTL that
map to the same genomic regions as specific resistance genes may be involved in
pathogen recognition. In rice, the major resistance gene Xa2/ is a member of a
multigene family located on chromosome 11 that confers race specific resistance
to Xoo. Xa2l encodes an extracellular LRR domain and a serine/threonine kinase
that is believed to determine the race-specific resistance response (Ronald, 1997).
Another member Xa2lD of the same gene family displays the same resistance
spectrum as Xa2l but confers only partial resistance. Xa2/D only encodes an
extracellular LRR domain due to a retrotransposon insertion. The LRR domain
was shown to control race-specific pathogen recognition. This study lends support
to the theory that changes in major genes could produce a gene, which confers
partial resistance that breeders recognize as quantitative in function.
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3.9 Colocalization of QTL with Defense Response Genes

Plant defense response is a complex mechanism that is triggered by pathogen at-
tack. The DR is highly conserved between mono- and dicotyledonous plants and is
responsive to different types of pathogens. Numerous DR genes have been cloned
(Lamb et al., 1989) and several colocalizations with QTL have been observed,
lending support to the hypothesis that colocalization may reflect a functional re-
lationship between the QTL and the DR genes. In common bean, Geffroy et al.
(2000) mapped a QTL for stem resistance against C. lindemuthianum strain A7
of bean anthracnose near a locus for phenylalanine ammonia-lyase (Pal-2). This
enzyme is a critical branch point control for the biosynthetic pathways of cer-
tain antimicrobial phenolic compounds. Another QTL was mapped on linkage
group B7 near the hydroxyproline-rich glycoprotein locus, Hrgp36. These types
of proteins are believed to contribute to the formation of a structural barrier to
block pathogen invasion. The researchers conclude that allelic variants of Pal-2
and Hgp36 may be responsible for the differences in quantitative resistance to C.
lindemuthianum. This evidence supports the theory that molecular polymorphisms
within the DR genes result in allelic diversity and may relate to differences in resis-
tance levels (Pflieger et al., 2001). Pflieger et al. (2001) mapped several DR genes
to genomic regions corresponding with QTL for resistance to different pathogens
in pepper. A class-III chitinase gene colocalized with a QTL conferring resistance
to Phytophthora capsici in pepper. In addition, three pathogenesis-related protein
(PR) loci mapped within the region containing QTL to P. capsici, Potato virus Y,
and potyvirus E in pepper.

QTL located on linkage group B2 of the common bean map (Freyre et al.,
1998; Kelly et al., 2003) spanned a region that encompasses the PYPR2 locus, and
suggested a role for this PR protein in resistance to Fusarium root rot and white
mold in common bean (Kolkman and Kelly, 2003; Schneider et al., 2001). De-
fense response genes, such as the P. vulgaris pathogenesis-related gene, PvPR-2
(Walter et al., 1990), a polygalacturonase-inhibiting protein, Pgip (Toubart et al.,
1992), and the chalcone synthase gene, ChS (Ryder et al., 1987) located on B2
invites speculation that fungal defense-related genes are triggered as a general
resistance response to Fusarium and Sclerotinia infection, suggesting that physi-
ological resistance is associated with a generalized host defense response. PvPR2
and its counterpart PvPR 1 are low molecular weight acidic proteins induced during
fungal elicitation (Walter et al., 1990). These bean PR proteins share similarities
with PR proteins in crops such as potato, parsley (Petroselinum crispum), and pea
(Pisum sativum). Linkage was also reported between QTL conferring partial re-
sistance to Ascochyta blight (Mycosphaerella pinodes) of pea and candidate genes
including DR and RGA located on the pea linkage map (Timmerman-Vaughan
et al., 2002). The role of PvPR proteins in Fusarium resistance in common bean
is further confirmed by the significant association observed between QTL that
map to B3 in the region of PvPR1 gene. Differences in PYPR gene arrangements
were detected between anthracnose (C. lindemuthianum) resistant and susceptible
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bean genotypes indicating that polymorphism between PvPR as well as other de-
fense response-related genes may contribute to our understanding of quantitative
resistance (Walter et al., 1990). QTL associated with resistance to the late blight
fungus of potato have also been reported to colocalize with DR genes for specific
PR proteins in potato (Gebhardt et al., 1991; Leonards-Schippers et al., 1994). To
capitalize on the assumption that defense proteins may be associated with quan-
titative resistance, a method of candidate gene analysis where genes known to
be involved in host defense responses are used as markers to identify potential
QTL associated with disease resistance, has been evaluated in maize (Byrne et al.,
1996; Causse et al., 1995; Goldman et al., 1993) and wheat (Faris et al., 1999),
and could be employed to improve root rot and white mold resistance in common
bean.

In summary, there appears to be two kinds of coincident QTL: those that map
with major genes and those that map with DR genes. The QTL that map with major
genes could be allelic versions of those genes. Some of those alleles may confer
partial resistance rather than complete resistance as a result of a mutation in the
pathogen that now overcomes the original resistance gene. In the other instance,
QTL that map with major genes may also be members of a multigene family
that is involved with recognition of the pathogen. QTL that map with DR genes
may be involved in a general defense mechanism. To differentiate between the
various hypotheses, fine mapping of the region containing the QTL is needed to
determine if the relationship between the QTL and the colocalized gene is allelic or
not.

3.10 Conclusions

In a computer simulation study, Bernardo (2001) concluded that genomics is of
limited value in the selection for quantitative traits in hybrid (and self-pollinated)
crops. Despite this dire prognosis, Bernando (2001) stated that gene information
(we equate “gene information” with “QTL analysis”) is most useful in selection
when fewer than 10 loci control the trait and becomes imprecise when the number
exceeds 50 loci. Although the actual number of loci controlling multigenic dis-
ease resistance is not generally known, the number is most likely to be under 10
than exceed 50 loci, and therefore, be responsive to selection using QTL analysis.
Performance based traits are more likely to exceed 50 loci than those conditioning
quantitative disease resistance (Young, 1996). QTL analysis provides plant breed-
ers with the tools to reassemble, into future cultivars, the multigenes influencing
quantitative resistance, previously not possible through routine disease screening.
Unlike qualitative resistance, where genotype and phenotype are one and the same,
breeders struggle with reassembling, in new cultivars, all the genes that controlled
quantitative resistance after they were “disassembled” in crossing. The breeding
literature is fraught with examples of the partial recovery of quantitative resis-
tance from unique genetic stocks. With the knowledge of the location and size of
the QTL controlling quantitative resistance breeders can use MAS to reassemble
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that resistance in new genetic backgrounds and restore it to levels present in the
original sources. Due to the complexity of quantitative resistance, breeders often
failed to adequately compare resistance sources for uniqueness. QTL analysis pro-
vides breeders with a tool to compare the location and size of individual effects to
determine if new resistance sources are unique prior to undertaking the long and
arduous process of utilizing quantitative resistance in breeding. One area where
QTL analysis offers exciting opportunities is in the utilization of wild germplasm
in resistance breeding. Prebreeding using markers linked to resistance traits to
introgress genomic regions from the wild to cultivated species is being investi-
gated in many crops using breeding methods such as the advanced-backcross QTL
analysis (Tanksley and McCouch, 1997). Combining backcrossing with MAS al-
lows breeders to evaluate the potential of specific genomic regions from the wild
species in the genetic background of the cultivated species, as the expression of
quantitative resistance in the field can only be tested in adapted lines.

Aside from the practical utility and efficiency that QTL analysis brings to breed-
ing of quantitative resistance, the identification and location of QTL is providing
new insights to many of the age-old theories and controversies that have competed
for importance in the literature. Many of these theories have impeded the process
of resistance breeding as they classified resistance into two clear camps, implying
that selection for one form of resistance would impede the use of the other. New
information is being provided by QTL analyses on such questions as: (1) the actual
durability of quantitative resistance sources, (2) the possible distinction between
the resistance detected by seedling assays and adult plant resistance, (3) the po-
tential of defeated major genes in resistance breeding, (4) the actual similarities
between qualitative and quantitative resistance sources, (5) the nature of the dif-
ferences in resistance may reside in expression due to interaction with genetic
backgrounds or pathotypes, and (6) the opportunity to clone underlying genetic
factors that confer quantitative resistance as was demonstrated for fruit size in
tomato (Frary et al., 2000).

Genetic mapping, in general, has provided breeders with new insights into old
problems. The evidence that resistance gene clusters exist in plants is widely
reported (Michelmore and Meyers, 1998), so why should qualitative and quanti-
tative resistance mechanisms be different? Resistance gene clusters imply that in
the plant the DR genes are localized and can be shared in response to attack by
different pathogens and/or stress factors. QTL analyses are adding to the body of
evidence that in many instances qualitative and quantitative resistance reside in
the same regions and are differential responses to different pathotypes, and the
methods used by scientists to detect and measure their effect. For example, the
literature is fraught with implications that seedling resistance is qualitative and
adult plant resistance is more complex, hence quantitative and distinct. QTL for
seedling resistance to stripe rust in barley has been shown to share common QTL
for adult plant resistance (Castro et al., 2002). Defeated major resistance genes
are receiving renewed attention as QTL analyses position partial or quantitative
resistance in those regions of the genome where major genes reside (Li et al.,
1999). The importance of defeated genes in resistance breeding is obvious as the
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underlying suggestion that breeders are not always finding unique or new sources
of resistance but differential expression of existing sources. Breeders may need
to consider how best to utilize existing resistance sources rather than search for
new sources that may prove to be elusive. If quantitative resistance is distinct from
major R-genes functional in a specific crop/pathogen system, there is an increasing
body of evidence that supports the role of DR genes in quantitative resistance. DR
genes have been shown to play a key role in resistance (Lamb et al., 1989) but their
effect is only partial, not unlike the effect(s) that defines quantitative resistance
(Parlevliet, 1975). QTL analyses are placing partial resistance sources in genomic
regions where DR genes are located (Pflieger et al., 2001). The partial resistance
detected in QTL analysis may not be due to actual resistance genes similar to
R-genes but may be due to an enhanced expression of DR genes (Schneider et al.,
2001). The role that DR genes can enhance resistance is known, so links between
quantitative resistance and DR genes is interesting and could benefit breeders as
DR genes have similar functionality across plant species.

Finally, mapping studies have shown that cereal genomes exhibit a high degree
of synteny (Gale and Devos, 1998). Based on this information, QTL for resistance
to Fusarium head blight (Fusarium graminearum) in wheat and barley appear to
reside in syntenous locations on chromosome 3 in both crops (Kolb et al., 2001).
Breeders can use the conservation of gene order and position among related species
to assist in the identification of resistance sources that may be absent from their
crop. QTL markers could be used to probe for resistance in one species based on
the presence of QTL for resistance in a related species and provide breeders with
the opportunity to use alternative resistance sources in the development of future
cultivars with adequate levels of disease resistance.
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4

Ultrastructural Studies in Plant
Disease Resistance

NICOLE BENHAMOU

4.1 Introduction

Fungi which could potentially be phytopathogenic are ubiquitous soil and phyl-
losphere microorganisms of many crop plants including cereals, vegetables, and
fruits. Although their epidemiology and pathogenesis have been studied exten-
sively for several decades, producers are still faced with few options for effectively
treating fungus-incited plant diseases. In spite of strong restrictions being imposed
to protect food quality and environmental safety, agrochemicals are still the method
of choice used worldwide to control major crop diseases. However, the resistance
of many fungal strains to currently used chemicals and the increasing demand of
consumers for pesticide-free products have reduced the appeal for agrochemicals
and have stimulated the exploration for efficient alternatives that are safer for the
environment. In that context, research in recent years has witnessed the discovery
of several new approaches for enhancing the resistance of plants to disease through
biotechnology. Beside the use of potential microbial antagonists (Chet and Inbar,
1994) and beneficial microorganisms such as plant growth promoting rhizobac-
teria (PGPR) (Kloepper, 1993) to control pathogen populations, the possibility
of stimulating the plant’s “immune system” to increase the speed of response to
subsequent attack by pathogenic organisms has opened novel avenues for plant
disease management. Evidence has been provided that physical, chemical, and
biological agents could trigger defense-related reactions in plants. UV-C light,
gamma radiation, silicon (Cherif et al., 1992), bacterial endophytes (Benhamou
et al. 1996a,b,c), biological products such as chitin and chitosan (Benhamou and
Theriault, 1992; Benhamou et al., 1994b), and chemical compounds such as sal-
icylic acid (Raskin, 1992), 2-6-dichoro-isonicotinic acid (Metraux et al., 1991)
and benzothiadiazole (Benhamnou and Belanger, 1998a b) have been reported to
stimulate plant defense genes leading to the production and accumulation of an
array of new molecules. Today, plant induced resistance attracts much attention,
mainly because it offers the potential for nonchemical control of plant pathogens.

Recently, significant advances have been made toward unraveling the ma-
jor events governing the plant response to pathogenic attack through molecular
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cytology approaches (Benhamou, 1996). Taken together, cyto- and immunocy-
tochemical methods have opened up exciting and promising angles to study the
mechanisms by which plants protect themselves from pathogen invasion. In com-
bination with biochemical and molecular data, such ultrastructural approaches
have provided useful and often unique information on various topics, including
the structure—function relationship of a particular cell compartment, the spatio-
temporal distribution of newly synthesized molecules during the course of plant
tissue invasion, the antimicrobial potential of some plant defense molecules (i.e.,
phenolic compounds, pathogenesis-related proteins), the reinforcement of the plant
cell wall by structural compounds such as callose and lignin, and the crucial role
played by secondary metabolism in the resistance process. Based on investiga-
tions of the cytologically visible consequences of the plant responses to biotic
stresses, several studies have contributed to shed more light on the functional
activity of the plant cell during the resistance process (Benhamou, 1996; Heath,
2000; Moerschbacher and Mendgen, 2000). Recent advances in the isolation and
purification of plant molecules and in the preparation of specific gold-complexed
probes have provided opportunities for the development of ultracytological ap-
proaches which not only allow an accurate localization of these molecules in their
respective cell compartments but also help elucidate their functions (Benhamou
and Nicole, 1999). Innovative developments in plant immunocytochemistry ap-
pear with increasing frequency and it is expected that improvements in both tissue
processing and probe specificity will extend the applicability of this approach to
more and more research areas in plant disease resistance.

This review highlights some of the recent findings associated with the spatio-
temporal localization of molecules involved in plantinduced resistance with special
emphasis on how an elicitation stimulus may confer increased plant resistance to
pathogen attack. To put this information in context, we will concentrate on two
host-pathogen systems that have been the focus of much interest as models in both
basic and applied research. For more than two decades, the tomato-Fusarium oxys-
porum f. sp. radicis-Lycopersici and the cucumber-Pythium ultimum interactions
have received increasing attention mainly because losses from the diseases can
be considerable in some greenhouse districts and also because chemical control
proved unsuccessful for controlling the pathogen populations (Jarvis, 1988). Since
the rhizosphere provides the first line defense for roots against attack by pathogens
and because plants have sophisticated defense mechanisms that can be naturally
activated by environmental factors and microorganisms, the possibility of enrich-
ing the rhizosphere with adapted microorganisms and/or specific eliciting products
has become a challenging priority for plant pathologists. In that context, the shift
from synthetic chemicals to biological control products, the so-called “green prod-
ucts”, has become essential not only because of cost and impact of fungicides but
also because commercially acceptable tomato and cucumber cultivars with strong
resistance to soil-borne pathogens are not readily available. Among the microbial
agents that have shown satisfactory degrees of control against pathogens caus-
ing root rot diseases in tomato and cucumber, Trichoderma spp. (Chet, 1987)
and PGPR (Kloepper, 1993) have been reported to reduce disease incidence by
inhibiting pathogen growth and development in the rhizosphere. Recently, two
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other microorganisms, Pythium oligandrum Dreschsler (Benhamou et al., 1997)
and Verticillium Lecanii (Benhamou and Brodeur, 2001), have received increasing
attention as new potential biocontrol agents. Recent investigations have provided
evidence that, in addition to exerting an antagonistic activity against a wide range
of fungal pathogens (Askary et al., 1998; Benhamou et al., 1999; Benhamou and
Brodeur, 2000), both P. oligandrum and V. Lecanii display the ability to penetrate
the plant root system and to trigger an array of structural and chemical defense-
related reactions (Benhamou et al., 1997; Benhamou and Brodeur, 2001). Beside
the potential use of beneficial microorganisms, a number of biological, chemical,
and natural products such as chitosan (Lafontaine and Benhamou, 1995), benzoth-
iadazole (Benhamou and Belanger, 1998b), and silicon (Cherif et al., 1992) have
been reported to protect tomato and cucumber plants from root rot diseases. Thus,
today, ecological pressures have considerably reduced the use of chemicals and
there is no doubt that this process will continue under the present socio-political
situation. However, this trend toward introducing new management approaches
depends on an array of criteria, one of them being a deep knowledge of the mode
of action of the selected biocontrol agents on the plant and its pathogens.

4.2 Diseases Caused by Root Pathogens
in Tomato and Cucumber

Fusarium crown and root rot and Pythium damping off cause widespread, heavy
economic losses in commercially grown greenhouse crop plants. Wilt symptoms
of Fusarium crown and root rot appear in infected tomato plants during late win-
ter and are noticeably more severe on sunny days (Jarvis, 1988; Malathrakis and
Goumas, 1999). Signs of Fusarium infection are characterized by a marked wilting
of the upper leaves followed by a gradual chlorosis and stunting of the lower leaves.
Other typical symptoms noted when plants are removed from the soil includes se-
vere rotting or even loss of the primary seminal root and occurrence of numerous
brown lesions along the lateral roots. When the outer layers of crown and lower
stem are sliced off, a chocolate-brown vascular discoloration, frequently found
to extend upward in the stem for 15 to 20 cm, is typically observed (Lafontaine
and Benhamou, 1995). In cucumber, Pythium damping off is associated with typ-
ical root symptoms characterized by the formation of brownish lesions preceding
severe root rot and leaf wilting (Benhamou et al., 1996a). Various strategies for
controlling Fusarium and Pythium spp. have been introduced over the years (i.e.,
soil disinfestation, cultural practices, fungicide treatments, and allelopathy) but
serious losses still occur, largely because the effectiveness of these approaches is
short-lived (Jarvis, 1988).

In the past decade, much effort has been directed toward elucidating the cyto-
logical events underlying the process of plant colonization by either F.o. radicis-
lycopersici or P. ultimum (Brammal and Higgins, 1988). With the refinement of
cytological and molecular techniques and the application of these approaches to
the pathosystems under study, several unanswered questions regarding the rela-
tionships established between the pathogen and its target host have been addressed.



52 4. Ultrastructural Studies in Plant Disease Resistance

o
f{

HCW™

— (b) —

FIGURE 4.1. Transmission electron micrographs of Fusarium-infected tomato root tissues.
(a) Fusarium hyphae (F) colonize rapidly the root tissues causing extensive cell damage
and host cell wall (HCW) alterations (arrows). Xylem vessels (XV) are invaded through
penetration of the pit membranes. Bar = 2 um. (b) Fusarium (F) ingress in the root tissue
coincides with extensive host cell wall (HCW) damage. Bar = 1 um.

Using gold-complexed probes for the localization of cellulose and pectin,
Benhamou et al. (1987, 1990) reported that hydrolysis of the wall-bound pectin
and, to a lesser extent, cellulose was one of the key mechanisms involved in fungal
ingress toward the vascular stele. Indeed, in all cases, marked cell wall damage
involving loosening of the fibrillar layers (Figure 4.1a, arrows), disruption of the
primary walls and middle lamella matrices (Figure 4.1b), and, in some cases, com-
plete wall breakdown leading to tissue maceration was observed. Evidence was
provided that typical host reactions such as wall appositions, intercellular plug-
ging, and xylem vessel coating seldom occurred in the heavily parasitized root
tissues (Benhamou and Lafontaine, 1995). Understandably, the massive fungal
colonization and alteration of the root tissues always correlated with the presence
of numerous dark brown lesions on the root system and the expression of typical
symptoms including leaf chlorosis and wilting.

4.3 Microbially-Mediated Induced Resistance
in Tomato and Cucumber

With the development of more and more pesticide-resistant pathogen strains, the
replacement of chemicals by the controlled use of alternative agents has become
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the focus of considerable interest in the context of a sustainable, economically
profitable agriculture (Gullino et al., 1999). Much of the development of this
biotechnology has benefited from the discovery of biocontrol agents with antag-
onistic activity (Handelsman and Stabb, 1996; Harman, 2000). However, recent
advances in our understanding of the molecular basis of plant disease resistance
have led to the concept that plants could protect themselves against the harmful
impact of pathogens through the coordinated stimulation of defense genes (Ward
et al., 1991). The work on induced resistance over the past decade has led to a
remarkable awareness of the pivotal role being played by some microbial agents
in stimulating defense gene expression and disease resistance in plants (Kuc, 1987;
van Peer et al., 1991; Tuzun and Kloepper, 1995). From these fundamental stud-
ies, it has become more and more realistic that sensitizing a plant to respond more
rapidly to infection could confer increased protection against virulent pathogens.
The stage is now set for this investment in knowledge to generate novel biocontrol
approaches for protecting plants against microbial diseases while reducing envi-
ronmental pollution. Based on the explosive rate of developments in this field,
microbially-mediated induced resistance offers good prospects as a long-lasting,
safe option for disease control (Paulitz and Matta, 1999).

4.3.1 Induction of Resistance by Beneficial Rhizobacteria

One of the most promising options in the context of microbially-mediated induced
resistance concerns the use of plant growth-promoting rhizobacteria (PGPR) as
potential elicitors of plant defense mechanisms (Tuzun and Kloepper, 1995). Sur-
prisingly, the role played by these bacterial endophytes was not fully appreciated
until recent years, although reduction of disease incidence and severity follow-
ing soil amendment with such bacteria was often observed (Dimock et al., 1989;
Chen et al., 1995). Recent progress in the purification and identification of anti-
fungal metabolites has led to the consideration that plant protection against vir-
ulent pathogens relied, at least partly, in the production of bacterial antibiotics
(Fiddaman and Rossal, 1993), associated with a possible competition for nutrients
and iron in the rhizosphere (Bakker et al., 1990). Despite the extensive research
devoted to the antimicrobial activity of bacterial endophytes, our knowledge re-
garding the involvement of the plant itself in the observed reduction of disease
incidence was until recently elusive, although an increasing number of reports in-
dicated that bacterially-mediated induced resistance was likely a crucial event in
the complex process of disease protection (Wei et al., 1994).

This view was substantiated further by the biochemical and cytological demon-
stration that marked host metabolic changes, including production of phytoalex-
ins (van Peer et al., 1991), accumulation of pathogenesis-related (PR) proteins
(Zdor and Anderson, 1992), and deposition of structural barriers (Benhamou
et al., 1996a,c), occurred at the onset of plant colonization by the rhizobacte-
ria. These findings by themselves highlight the concept that prior inoculation with
selected rhizobacteria stimulates a number of plant defense reactions culminating
in the creation of a fungitoxic environment and in the elaboration of permeability
barriers that prevent fungal spread in the plant tissues (Benhamou et al., 1998).
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Recent cytochemical investigations have clearly indicated that PGPR-mediated
induced resistance was a multifaceted process requiring not only the synergis-
tic contribution of several mechanisms (i.e., control of the pathogen populations
in the rhizosphere through antibiosis and/or competition and induction of plant
defense reactions), but also taking into account the intricate relationship estab-
lished between the plant, the bacteria, and the pathogen species (Benhamou et al.,
1996a,b).

Effect of Pseudomonas fluorescens and Bacillus pumilus on the Induction of
Resistance Against Pythium ultimum and Fusarium oxysporum fsp. pisi in Ri
T-DNA Transformed Pea Roots

As a prelude to further investigations on tomato plants, the influence exerted by
Pseudomonas fluorescens strain 63-28R, in stimulating plant defense reactions was
ultrastucturally investigated using an in vitro system in which Ri T -DNA trans-
formed pea roots were subsequently infected with Pythium ultimum or Fusarium
oxysporum fsp. pisi (Benhamou et al., 1996a,b). Transformed roots, obtained by
inoculating plant tissues with virulent strains of the soil bacterium Agrobacterium
rhizogenes and then isolating the adventitious roots arising from the wound sites
(Savary and Flores, 1994), offer the advantages of being genetically and biochemi-
cally stable and exhibiting fast growth as compared to untransformed root systems.
Such transformed roots have been extensively used to study the biosynthetic path-
ways of phenolic compounds (Flores and Curtis, 1992) and have also proven useful
for investigating the influence of endomycorrhizal infection on pathogen-induced
resistance (Benhamou et al., 1994a). These ultracytological studies provided the
first evidence that not only P, fluorescens multiplied abundantly at the root surface
but also was able to colonize a small number of epidermal and cortical cells.
Upon inoculation with the pathogens, strong differences in the extent of fungal
damage were observed at the root surface. The rapid collapse and loss of turgor
of P. ultimum hyphae was taken as an indication that P. fluorescens produced an-
tifungal metabolites that could play an important role in controlling the pathogen
population in the rhizosphere (Benhamou et al., 1996a). However, the finding
that Fusarium hyphae were not affected to the same extent by the presence of
bacteria corroborated the current concept that a large number of PGPR strains,
found to enhance plant protection against a broad-range of pathogens, produce
metabolites that have very specific effects, and target selected microorganisms only
(Benhamou et al., 1996b). Reduction in the rate of host cell colonization by either
P. ultimum or F. oxysporum radicis-lycopersici, restriction of fungal cell growth
to the epidermal and outer cortical root tissues, and marked decrease in pathogen
viability were typical features observed only in roots previously inoculated with
P. fluorescens (Figure 4.2). Support for the close association between the pres-
ence of bacterial cells and induced resistance came from the observation that host
cell wall damage in advance of invading hyphae, a typical feature of invasion
monitored in nontreated plants, was absent from bacterized roots. In these pre-
treated roots, the apparent preservation of the cell wall architecture as well as the
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FIGURE 4.2. Transmission electron micrographs of P. fluorescens-inoculated pea root tis-
sues, collected 2 days after challenge with P. ultimum or Fusarium oxysporum f. sp. radicis
lycopersici. (a—c). In bacterized roots, Fusarium (F) and Pythium (P) cells are essentially
found in the epidermis. Pathogen ingress in the root epidermis is associated with the depo-
sition of electron opaque wall appositions (WA) (a and c) at sites of potential host cell wall
penetration and with the accumulation of amorphous deposits (AD) in most intercellular
spaces (b). Phenolic compounds, labeled with a laccase-gold complex, are detected in a
wall apposition (WA) (d). a, bar = 1 um. b, bar = 0.5 pm; ¢, bar = 1 pm; d, bar = 0.5 pm.

massive accumulation of structural barriers at sites of attempted penetration indi-
cated that host cell walls were likely protected against both physical and bio-
chemical contact with the pathogen (Figures 4.2a, b). Such cellular changes,
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characterized by the deposition onto the inner surface of the cell walls of callose-
enriched wall appositions, were apparently efficient in preventing fungal ingress
toward the vascular stele and probably also in shielding the inner root tissues
from phytotoxic, diffusible products such as hydrolytic enzymes and toxins (Fig-
ure 4.2a). Hyphae of the pathogen were markedly altered in intercellular spaces
colonized by the rhizobacteria (Figure 4.2b).

Using a laccase-gold complex for the localization of phenolic compounds,
Benhamou et al. (1996b) reported that phenolics were widely distributed in
Fusarium-challenged, bacterized roots. Because phenolic substances are known
to confer strong rigidity to cell wall structures through peroxidase-mediated cross-
linking with constitutive (i.e., hemicellulose and pectin) and newly formed (i.e.,
callose) wall carbohydrates (Fry, 1986), it is tempting to speculate that these
compounds contribute to the elaboration of physical barriers restricting pathogen
spread. Support to this speculation is provided by earlier observations indicating
that plant root colonization by PGPR promoted peroxidase activity (Albert and
Anderson, 1987) and enhanced lignin accumulation (Anderson and Guerra, 1985)
in bean. In addition to their infiltration at strategic sites of potential penetration,
phenolic compounds were also detected in the host cells as amorphous aggregates
often interacting with the fungal cell surface (Figure 4.2b). This abnormal ac-
cumulation of phenolic-enriched deposits in the fungal cell walls was associated
with morphological changes and cytological alterations of the invading hyphae,
suggesting that these compounds were laid down by the plant to restrict pathogen
growth through fungitoxic activity. According to their wide pattern of distribu-
tion, phenolic compounds may thus play a key role in PGPR-mediated induced
resistance by directly inhibiting fungal growth and indirectly protecting the plant
cell walls from the deleterious effect of microbial toxins and enzymes. This con-
firms and extends earlier results suggesting that the increased accumulation of
phytoalexins triggered by P. fluorescens in carnation was, at least partly, responsi-
ble for the enhanced resistance of the plants to Fusarium infection (van Peer et al.,
1991).

These results, obtained with transformed pea roots, were the first to provide
a detailed picture of the intricate interaction established between the plant, the
beneficial bacteria, and the pathogen at the cellular level. They illustrated that pea
root bacterization with P. fluorescens strain 63-28 induced a set of plant defense
reactions that culminated in the elaboration of physical barriers and in the cre-
ation of a fungitoxic environment which adversely affected pathogen growth and
development.

Effect of Pseudomonas fluorescens on the Induction of Resistance in Tomato

The induction of resistance obtained with the in vitro root system was also ob-
served to occur in whole plants (Mpiga et al., 1997). The authors reported that
tomato plants treated with Pseudomonas fluorescens strain 63-28 gained increased
protection against tomato crown and root rot caused by F. oxysporum . sp. radicis-
iycopersici. Again, the restriction of fungal growth to the epidermis and the outer
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root cortex coincided with a marked decrease in pathogen viability and striking
cellular changes, mainly characterized by the deposition onto the inner cell wall
surface of callose-enriched wall appositions. The massive deposition of such struc-
tures at sites of attempted fungal entry as well as the accumulation of phenolic
substances suggested that epidermal and cortical host cells were signaled to mo-
bilize a number of defense strategies including activation of secondary responses
with direct impact on the pathogen (Mpiga et al., 1997).

Effect of Serratia plymuthica on the Induction of Resistance in Cucumber

Recently, another endophytic bacterium, Serratia plymuthica, proved to be a pow-
erful inducer of resistance in cucumber plants (Benhamou et al., 2000). In a way
similar to most endophytic bacteria, S. plymuthica displayed the ability to penetrate
the cucumber root epidermis and to induce a number of host defense reactions that
were amplified after challenge with P. ultimum (Benhamou et al., 2000). Reduc-
tion in fungal biomass and increase in hyphal structural alterations leading to the
frequent occurrence of empty fungal shells were also typical features of the reac-
tions observed in bacterized roots only. The observation that fungal cells, trapped
in the osmiophilic material accumulating in most intercellular spaces of reacting
host cells, were markedly damaged at a time when the cellulose component of
their cell walls was preserved led Benhamou et al. (2000) to raise the hypothesis
of a specific plant defense reaction. While cucumber has been frequently used as a
model for induced resistance (Siegrist et al., 1994), little information is available
on the relative contribution of phenolic compounds in the protection of cucumber
against fungal attack, although enhanced activity of some enzymes involved in the
phenylpropanoid pathway (i.e. peroxidase and phenylalanine ammonia-lyase) has
been monitored in Pseudomonas-treated cucumber plants (Chen et al., 1997). In
a recent report, Daayf et al. (1997) showed that several phenolic compounds with
antifungal activity accumulated in cucumber root tissues at the onset of induced
resistance. In line with this work, the cytological results reported by Benhamou
et al. (2000) support the idea that secondary metabolites, either as peroxidase-
converted preformed phenolics or as newly-formed phytoalexins, are potentially
involved in the resistance process expressed in bacterized cucumber plants in re-
sponse to Pythium attack. Beside the accumulation of osmiophilic deposits likely
composed of phenolics, another striking feature of host reaction was the forma-
tion of wall appositions at sites of potential pathogen penetration (Figure. 4.2c).
Incubation with the laccase-gold complex revealed that the core of the wall appo-
sitions was enriched with phenolic-like compounds, likely corresponding to lignin
(Figure 4.2d, arrow).

4.3.2 Induction of Resistance by Antagonistic Fungi

In the past decade, major advances have been made in understanding the sequential
events taking place in the regulation and expression of mycoparasitism (Shirmbock
et al., 1994). Progress in characterizing the mechanisms of cell-to-cell signaling
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and identifying the cascade of biochemical events leading to antagonist establish-
ment in a particular fungal host has led to the consideration that mycoparasitism
could provide a conceptual basis to confer enhanced plant protection to microbial
attack (Chet, 1987). However, attempts to exploit fungal antagonists as potential
biological control agents have recently led to the proposal that beside their rec-
ognized antifungal properties (Deacon, 1976), such organisms could also act as
elicitors of plant defense reactions, thereby promoting the overall plant protection
(Rey et al., 1998; Yedidia et al., 1999). The exact mechanisms underlying plant
protection by antagonistic fungi have been little documented and, in many cases,
remain controversial. Several hypotheses have been put forward, but very few have
been convincingly assessed through biochemical and cytological investigations of
plant tissues challenged by these fungal agents. Among the fungal agents that have
shown satisfactory degrees of control against root rot pathogens, Trichoderma spp.
(Chet, 1987), Pythium oligandrum Dreschsler (Benhamou et al., 1997), and more
recently Verticillium lecanii (Zimm.) Vegas (Benhamou and Brodeur, 2001) have
been reported to reduce disease incidence by inhibiting pathogen growth and de-
velopment in the rhizosphere in addition to triggering the plant defense system.
Research to identify microbial control agents that may function in both plant
colonization and pathogen antagonism thus appears crucial for a more effective
selection of agents capable of operating not only through an antimicrobial activity
but also by sensitizing the plant to respond more rapidly and efficiently to sub-
sequent pathogen attack. Since the rhizosphere provides the first line of defense
for roots against attack by pathogens and because plants have sophisticated de-
fense mechanisms that can be naturally activated by environmental factors and
microorganisms, the possibility of enriching the rhizosphere with selected mi-
croorganisms has become a challenging priority for plant pathologists (Cook,
1993).

Trichoderma harzianum-Mediated Plant Induced Resistance

In spite of the increasing amount of research devoted to the antimicrobial activ-
ity of T. harzianum in vitro (Benhamou and Chet, 1997), our knowledge of the
exact mechanisms responsible for the observed growth promotion and reduction
of disease incidence following soil treatment with Trichoderma propagules was,
until recently, elusive. If there is no doubt that reduction of the pathogen population
densities through a direct antimicrobial activity exerted by the antagonist as well as
through indirect effects, such as improved nutrient and mineral uptake (Harman
and Bjorkman, 1997), are responsible, at least partly, for the enhanced plant growth
and protection described by several authors (Baker, 1989), it appears surprising
that attention has only been focused recently on the cytological and physiolog-
ical changes occurring at the onset of plant colonization by this mycopathogen.
The concept of an altered plant physiology following root tissue colonization by
T. harzianum, together with the earlier demonstration that infection with benefi-
cial fungi such as endomycorrhizal fungi sensitized host plants to respond more
rapidly and efficiently to pathogen attack (Morandi et al., 1983; Spanu et al., 1989;
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Benhamou et al., 1994a), raised the question as to what extent nonpathogenic
fungi such as Trichoderma spp. could signal the plant to mobilize its defense
strategy.

Ultrastructural investigations of root tissues from cucumber plants inoculated
with T. harzianum have proved useful in delineating the events underlying the
colonization process (Yedidia et al., 1999). Convincing evidence was provided
that root colonization by 7. harzianum involved a sequence of events, including
fungal proliferation along the elongating root and local penetration of the epidermis
at the junctions of adjacent epidermal walls. Penetration of the epidermis and
subsequent ingress in the outer cortex suggested that at least small amounts of
cell wall hydrolytic enzymes such as cellulases were produced by the fungus
to locally weaken or loosen the epidermal cell wall, thereby facilitating fungal
spread into the root tissues. However, the regular pattern of cellulose distribution
in the internal root tissues was taken as an indication that cellulases were only
very slightly or not at all produced inside the plant. Interestingly, penetration of
Trichoderma hyphae into the root tissues was found to be associated with cellular
changes mainly characterized by the deposition onto the inner cell wall surface
of callose-enriched wall appositions (Figure 4.3a). This phenomenon was even
amplified by the impregnation of osmiophilic substances in the host cell walls
and in the intercellular spaces of reacting host cells (Figure 4.3b). The massive
deposition of such structures at sites of attempted fungal entry as well as the
accumulation of osmiophilic deposits was taken as an indication that epidermal
and cortical host cells were signaled to mobilize a number of defense strategies.
Such cellular changes were apparently efficient in preventing fungal ingress toward
the vascular stele since Trichoderma hyphae were seldom seen in the innermost
root tissues. These cytological observations were further confirmed by biochemical
analyses of the enzymatic activity occurring at the onset of plant colonization by
T. harzianum (Yedidia et al., 2000). Increases in chitinase, (3-1,3-glucanase and
peroxidase activities were detected in Trichoderma-colonized root tissues with a
peak at 72 h post-inoculation. However, a significant decrease of enzyme activity
was observed after establishment of the fungus in the root tissues. In a way similar
to what is known to occur with endomycorrhizal fungi (Spanu et al., 1989), one may
consider that T’ harzianum may be capable of evoking the transcriptional activation
of plant defense genes, the expression of which may be subsequently suppressed by
an unknown mechanism, and restimulated upon perception of signals originating
from contact with a potential pathogen.

Pythium oligandrum-Mediated Plant Induced Resistance

Since the initial mention that P. oligandrum could be a secondary invader of
diseased plant root tissues in addition to acting as a hyperparasite on primary
pathogens (Drechsler, 1943), the antagonistic activity of this nonpathogenic
Pythium strain has been abundantly documented (Foley and Deacon, 1986; Martin
and Hancock, 1987; Benhamou et al., 1999). Although mycoparasitism is currently
considered to be the primary mechanism involved in biocontrol by P. oligandrum,
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FIGURE 4.3. Transmission electron micrographs of 7. harzianum-inoculated cucumber root
tissues. (a). Heterogeneous wall appositions (WA) are formed in the noninfected host cells
adjacent to invaded cells. Unsuccessful attempts of the Trichoderma hyphae (T) to pen-
etrate wall appositions are observed. bar = 0.5 um. (b). In addition to wall appositions,
osmiophilic deposits, lining the host cell wall and surrounding Trichoderma hyphae, are
frequently seen. Bar = 0.5 pm.

the possibility that antibiosis and competition for nutrients in the rhizosphere as
well as plant induced resistance may play key roles in the microbial interactions
has recently gained increased popularity (Benhamou et al., 1997).

Cytological investigations of root samples from P. oligandrum- inoculated
tomato plants revealed that the fungus displayed the ability to colonize the root
tissues without inducing extensive cell damage (Benhamou et al., 1997; Rey
etal., 1998). However, and unlike 7. harzianum (Yedidia et al., 1999), the invading
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FIGURE 4.4. Transmission electron micrographs of P. oligandrum-inoculated tomato root
tissues. (a) Hyphae of P. oligandrum (Po) colonize the root tissues without inducing exten-
sive host cell wall (HCW) damage. However, these invading hyphae degenerate during the
colonization process as evidenced by the frequent occurrence of empty fungal shells in the
root tissues. Bar = 0.5 um. (b) Deposition of heterogeneous wall appositions (WA) beyond
the infection sites are the main visible features of the cellular response to pathogen attack
in P, oligandrum-inoculated tomato plants. Bar = 0.5 pm.

hyphae of P. oligandrum were found to degenerate during the colonization process
as evidenced by the frequent occurrence of empty fungal shells in the root tissues
(Figure 4.4a). Whether such alterations are attributable to the creation of a fungi-
toxic environment associated with the synthesis and accumulation of antimicrobial
compounds by the reacting host cells or simply relate to a specific behavior of the
fungus in planta has not been elucidated yet.

When tomato plants were challenged with F oxysporum f. sp. radicis-
iycopersici, Pythium ingress in the root tissues was associated with substantial
host metabolic changes. Strong differences in the rate and extent of pathogen in-
vasion were observed whether the roots were previously infected or not with P,
oligandrum. Interestingly, an antagonistic process similar to that observed in vitro
(Benhamou et al., 1997) was observed in planta. The specific labeling patterns ob-
tained with the exoglucanase-gold complex and the WGA-ovomucoid-gold com-
plex confirmed that P. oligandrum successfully penetrated invading cells of the
pathogen without causing substantial cell wall alterations as judged by the intense
labeling of chitin.

Restriction of Fusarium growth to the outermost root tissues, together with de-
position of newly-formed barriers beyond the infection sites, were the main visible
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features of the cellular response to pathogen attack in P. oligandrum-inoculated
tomato plants (Figure 4.4b). These host reactions appeared to be amplified as
compared to those seen in nonchallenged, P. oligandrum infected plants. Consid-
ering that ingress toward the vascular stele is an essential prerequisite for successful
pathogenesis by vascular pathogens (Beckman, 1987), enzymatic hydrolysis of the
host cell wall components is conceivably one of the most harmful events associated
with the infection process by F. oxysporum f. sp. radicis-lycopersici (Benhamou
et al., 1990). It is not surprising that, in turn, an early process in the expression
of plant resistance is the production of an array of substances for reinforcing the
cell walls and shielding them from the deleterious action of enzymes and toxins
(Ride, 1983). Another host reaction concerned the accumulation of osmophilic
substances in the host cell walls and in the intercellular spaces of reacting host
cells. The observation that fungal cells trapped in the dense material accumulating
in some intercellular spaces or neighboring wall appositions were often disorga-
nized suggested that the biological function of the newly-deposited material was
not only mechanical but probably also fungicidal. This assumption was further
confirmed by the detection of considerable amounts of phenolic-like substances
in these structures (Benhamou et al., 1997).

In direct line with these earlier cytological and cytochemical observations,
attempts were recently made to identify the trigger involved in P. oligandrum-
mediated induced resistance. The isolation of a proteinaceous metabolite bearing
the “elicitin signature”, as shown by the amino acid composition of its N-terminal
end and by its migration profile within the plant tissues (Ponchet et al., 1999) led to
include this peptide, termed oligandrin, into the elicitin family (Picard et al., 2000).
While treatment of tomato plants with oligandrin failed to elicit the HR-associated
necrotic response, a reaction consistently found to occur in tobacco plants treated
with true elicitins (Ricci et al., 1993; Ponchet et al., 1999), a substantial level of
protection against the oomycete fungus, Phytophthora parasitica, was obtained,
thus substantiating the concept that oligandrin could be considered as a resistance
elicitor (Picard et al., 2000). When applied to decapitated tomato plants, oligandrin
displayed the ability to induce plant defense reactions that restricted stem cell in-
vasion by P. parasitica. Ultrastructural investigations of the infected tomato stem
tissues from nontreated plants showed a rapid colonization of all tissues associated
with a marked host cell disorganization. In stems from oligandrin-treated plants,
restriction of fungal growth to the outermost tissues and a decrease in pathogen
viability were the main features of the host-pathogen interaction. Invading fungal
cells were markedly damaged at a time when the cellulose component of their cell
walls was quite well preserved, thus favoring the hypothesis of a fungitoxic effect
(Figure 4.5a). The observation that a large number of invading hyphae were filled
with electron-opaque inclusions led Picard et al. (2000) to suggest that incorpo-
ration of phenolics in fungal cells was a mechanism involved in the alteration of
essential physiological functions such as respiration.

To determine whether the signaling role of oligandrin as an inducer of resistance
against a foliar pathogen (Picard et al., 2000) was operational against a soilborne
pathogen, the effectiveness of a stem treatment with oligandrin in inducing sys-
temic resistance in tomato plants against the root pathogen, F. oxysporum f. sp.
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FIGURE 4.5. Transmission electron micrographs of stem tissue from decapitated tomato
plants treated with the oligandrin of P. oligandrum. (a) Upon stem inoculation with Phy-
tophthora parasitica, fungal growth in planta is mainly restricted to the outermost cell lay-
ers. Hyphae of the pathogen (Pp) are highly disorganized as evidenced by their cytoplasm
whichs filled with dense inclusions. The host cell wall (HCW) is apparently well preserved.
Bar = 0.5 um. (a—d). Upon root inoculation with F. oxysporum radicis-lycopersici, host
cells in the cortical area are filled with osmiophilic deposits (OD) which accumulate in the
cell lumen as well as at the cell surface of invading fungal cells (b and ¢). Fungal cells (F),
surrounded by the osmiophilic deposits (OD), are severely damaged and exhibit marked
changes including increased vacuolation (d, arrow), and densification of the cytoplasm. b,
bar = 0.5 um; ¢, bar = 1 um; d, bar = 0.5 um.

radicis-lycopersici was investigated (Benhamou et al., 2001). In this study, the
authors examined ultrastructurally the outcome of the tomato- Fusarium interaction
upon oligandrin treatment and compared the cytologically visible consequences of
the induced response to those triggered by other biotic elicitors, including chitosan
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(Benhamou and Lafontaine, 1995). Evidence was provided that oligandrin had the
potential to induce a systemic resistance in Fusarium-infected tomato plants mainly
associated with a massive accumulation of antifungal compounds in infected cells
and intercellular spaces (Figures 4.5b,c). Interestingly, this oligandrin-mediated
induced response was found to differ from that observed in chitosan-treated tomato
plants where the formation of structural barriers at sites of attempted pathogen
penetration was the main feature of reaction. The authors suggested that such
a differential host response could be explained by the possibility that different
levels of Ca?* influx in oligandrin- or chitosan-treated tomato plants stimulated
different signaling pathways resulting in distinct cellular changes. This view was
substantiated by the reported correlation between the formation of callose-enriched
wall appositions and the enhanced intracellular concentration of free Ca**, known
to control the activity of one of the key structural enzymes, {3-1,3-glucan synthase
(Kohle et al., 1985). Recent investigations of the effect of fungal elicitins on
the host cell responses have shown that these proteinaceous molecules triggered
early effects (e.g., Ca’>" influx, H,O, production) similar to those induced by
oligosaccharides with, however, some differences in terms of Ca?* uptake intensity
(Pugin et al., 1997; Binet et al., 1998). The extent of the Ca?* influx did not
correlate with the basic or acidic characters of the elicitins but rather could be
associated with the activation of distinct or additional signaling pathways leading to
differential cell responses (Binet et al., 1998). Although the reasons why oligandrin
failed to induce massive callose deposition are still speculative, it is clear that
these defense-related structural modifications are not major components of the
oligandrin-mediated induced response in tomato.

Active synthesis and accumulation of phenolic compounds in both the cell walls
and the intercellular spaces were to be the most striking feature of the plant reac-
tion to oligandrin treatment (Figure 4.5¢). Although the phenolic-enriched mate-
rial may indirectly contribute to disease resistance by reinforcing the mechanical
strength of the cell walls, the main role played by these substances appeared to
rely on a direct antifungal activity, as evidenced by the strong alteration of most
invading hyphae of the pathogen. In an attempt to determine whether fungal wall
hydrolysis was associated with the frequent disorganization of fungal hyphae col-
onizing the outer root tissues in oligandrin-treated plants, chitin was ultrastruc-
turally localized by using the WGA/ovomucoid-gold complex. Analysis of the
labeling pattern over invading fungal cells clearly revealed that chitin was altered
in severely damaged hyphae (Figure 4.5d). This was taken as an indication that
the plant cells were signaled to produce chitinases that accumulated at invaded
sites. However, the finding that chitin molecules were still present over cell walls
of hyphae showing obvious signs of degradation led us to suggest that produc-
tion of hydrolytic enzymes such as chitinases was not an early event in the expres-
sion of oligandrin-mediated induced resistance. According to these cytochemical
observations, a scheme of events could be drawn including an early synthesis of
toxic substances (i.e., phenolics) with direct incidence on the pathogen followed
by the production of chitinases which probably contributed to a more complete dis-
integration of the fungal cells. The ultrastructural work performed on the ability of
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either P. oligandrum itself (Benhamou et al., 1997) or its proteinaceous molecule,
oligandrin (Picard et al., 2000; Benhamou et al., 2001), to reduce disease incidence
caused by foliar and root pathogens in tomato opens new avenues for the devel-
opment of integrated protection programs. Because of its antimicrobial activity
(Benhamou et al., 1999) and its ability to produce large amounts of oligandrin
(Picard et al., 2000), the incorporation of selected strains of P. oligandrum into the
arsenal of strategies currently developed for controlling diseases caused by soil-
borne fungi is a promising step toward elaborating integrated pest management
programmes which will allow greenhouse producers to reduce yield losses caused
by root rot pathogens while participating in the current trend toward reducing the
use of chemical pesticides.

Verticillium lecanii-Mediated Plant Induced Resistance

Although increasing expectations are emerging in the area of plant disease man-
agement for new strategies mediated by nonpathogenic fungi such as some Tricho-
derma spp. (Chet, 1987; Chet and Inbar, 1994) and Pythium oligandrum Dreschler
(Benhamou et al., 1997; Picard et al., 2000), another facet that is attracting much
attention concerns the potential of the hyphomycete, Verticillium lecanii (Zimm.)
Viegas (Askary et al., 1997; 1998). Since the first demonstration that this well-
known entomopathogenic fungus (Hall, 1981) could also parasitize rusts (Spencer
and Atkey, 1981), convincing evidence has been provided that V. lecanii could be a
promising biocontrol agent of rusts and powdery mildew pathogens (Verhaar et al.,
1996; Askary et al., 1997). The rationale for such an interest toward the remarkable
properties of V. lecanii was that not only could this fungus be a powerful candidate
in an integrated arthropod pest management strategy, but it could also become a
valuable option for plant disease management. Recent ultrastructural investiga-
tions have shown that the beneficial effect of V. lecanii at exploiting insects and
fungal pathogens involved a series of coordinated events including recognition,
antibiosis and production of hydrolytic enzymes such as chitinases (Askary et al.,
1997; 1999). More recently, evidence was provided that the antagonistic properties
of V. lecanii were not restricted to rusts and powdery mildews, but could extend to
other fungal pathogens such as Penicillium digitatum, highlighting the remarkable
and atypical potential of this fungus as a promising biocontrol agent of a wide
array of pathogens (Benhamou and Brodeur, 2000).

In a recent study, Benhamou and Brodeur (2001) demonstrated that cucumber
roots, grown in the presence of V. lecanii, afforded increased protection against
Pythium ultimum attack. These observations were of particular relevance since
they highlighted, for the first time, the dual properties of V. lecanii, which, in
addition to being a strong antagonist in the thizosphere, was also capable of evoking
biochemical events characteristic of the natural plant disease resistance process.

The beneficial effect of V. lecanii in repressing Pythium ingress in the root
tissues appeared to rely on a strong antifungal activity associated with an induction
of structural and biochemical barriers in the host tissues. Under the conditions
of the experimental system used, V. lecanii was found to proliferate at the root
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(c)

FIGURE 4.6. Transmission electron micrographs of cucumber root tissues inoculated
with Verticillium lecanii. (a) Cells of V. lecanii (V) occur at the junction of adjacent
epidermal cell walls. Direct epidermis (E) penetration is not observed. Bar = 1um. (b)
A heterogeneous wall apposition (WA) is formed in a region proximal to a V. lecanii-
colonized intercellular space. Bar = 1 um. (¢) A highly damaged Pythium cell (P) is
surrounded by several hyphae of V. lecanii (V). Cellulose labeling over the Pythium cell
wall is markedly altered. Bar = 1 um.

surface and to interact with the pathogen, causing marked hyphal alterations. The
occurrence of numerous cells of V. lecanii at the junction of adjacent epidermal
walls indicated that these areas were preferential sites of penetration, subsequently
leading to colonization of some intercellular spaces (Figure 4.6a). The authors
suggested that at least small amounts of cell wall hydrolytic enzymes such as
pectinases and cellulases were produced by the fungus to locally weaken or loosen
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the epidermal cell wall to facilitate entry into the root tissues. The relationship
established between the host plant and V. lecanii appeared highly specific and the
possibility that this fungus may behave as a fungal endophyte has been raised.

The main facets of the altered metabolism induced by V. lecanii concerned the
abnormal formation of wall appositions beyond the infection sites and the filling
of some intercellular spaces with an electron-dense material (Figure 4.6b). It is
assumed that these plant reactions are related to a protective mechanism elaborated
by the plant to restrict massive spread of V. lecanii in the root tissues, thus preventing
fungal pathogenesis. When V. lecanii-inoculated cucumber roots were challenged
with P. ultimum, a marked decrease in the rate of host cell colonization by the
pathogen was observed. Observations of the root surface showed that V. lecanii
established close contact with hyphae of the pathogen, leading to a series of cellular
disturbances. The ability of this fungus to produce a wide range of metabolites and
enzymes led the authors to suggest that antibiosis as well as enzymatic hydrolysis
operated synergistically to reduce the pathogen population densities that, in turn,
delayed root colonization. Inaddition to a direct inhibitory effect on hyphal growth
in the rhizosphere, the few Pythium hyphae that could penetrate the root epidermis
were markedly altered, thus indicating that antibiosis likely contributed to the
biocontrol activity of V. Lecanii in planta (Figures 4.6a—c). Several host defense
reactions, including phenolic compounds, were seen in the infected root tissues,
providing evidence that antibiosis, mycoparasitism, and host defense reactions
could operate synergistically or concomitantly to control pathogen colonization in
V. Lecanii inoculated plants.

4.4 Elicitor-Mediated Induced Resistance
in Tomato and Cucumber

The term biotic elicitor usually refers to macromolecules, originating from ei-
ther the host plant or the plant pathogen, capable of inducing structural and/or
biochemical responses associated with the expression of plant disease resistance
(Wardetal., 1991). A wide range of compounds including defined oligosaccharides
(Ryan and Farmer, 1991), glycoproteins and peptides, as well as fungal toxins, the
so-called elicitins (Ricci et al., 1993) have been suggested to play a key role in
mediating the induction of plant defense reactions. Among the oligosaccharides,
strong evidence was provided that chitin and chitosan were elicitors of plant de-
fense reactions (Hadwiger et al., 1988; Lafontaine and Benhamou, 1995). In the
early 1980s, Pearce and Ride (1982) reported that treatment of wheat plants with
fungal chitin, a polymer of 3-1,4-N-acetyl-D-glucosamine, resulted in a rapid in-
duction of cell wall lignification, a structural process considered to be a defense
reaction designed to prevent pathogen penetration. In a subsequent report, Barber
et al. (1989) convincingly showed that only chitin oligomers with a DP between
four and six possessed significant lignification-eliciting activity. Similarly, chi-
tosan, the partially deacetylated derivative of chitin, was found to play a major
signaling role in plant-fungus interactions (Benhamou, 1996).
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FIGURE 4.7. Schematic representation of an elicitor-active chitosan molecule.

In recent years, a question that has challenged many scientists was how the plant
cell could perceive and respond to resistance elicitors. Several lines of evidence
have shown that the earliest event in the elicitor-induced transduction pathway was
the recognition of a signaling molecule by a specific receptor. Although our knowl-
edge of the molecular structure of plant receptors is rudimentary, the interaction
of elicitor molecules with membrane receptors has been associated with complex
responses including the production of reactive oxygen intermediates (Boller and
Keen, 2000). Beside the oxidative burst, the response of plants to elicitors has been
shown to provoke a rapid change in the permeability of the plasma membrane to
such ions as Ca?*, H*, K*, and CI™. Calcium ion fluxes are thought to play a key
role in the elicitor signaling pathways. Support of this concept is provided by the
observation that treatment of cultured soybean cells with a calcium ionophore in-
duces phytoalexin synthesis (Stab and Ebel, 1987) while calcium channel blockers
prevent elicitation of these secondary metabolites. An increase in the intracellular
Ca®* concentration is considered to be of prime importance to a number of pro-
cesses, such as activation of the membrane-bound f3-1,3-glucan synthase leading
to the formation of callose (Kauss et al., 1989), activation of both protein phos-
phorylation and cyclic AMP, formation of Ca’>*-calmodulin complexes associated
with the cytoskeleton, and transduction of the elicitor-mediated signal.

4.4.1 Chitosan: General Properties

Chitosan, a by-product from the seafood industry, is an insoluble high molecu-
lar weight cationic polysaccharide (Figure 4.7), considered to be one of the most
abundant polymers in nature. Chitosan has several industrial applications and is
used in waste water purification, cosmetics and fruit juices, and chelation of tran-
sition metals because of its polycationic nature. In addition, the specific properties
of this compound, including biodegradability, toxicological safety (Hirano et al.,
1990), and bioactivity, have suggested that it could be an ideal pathogen control
product in agriculture and horticulture (Hadwiger et al., 1988). In the posthar-
vest industry, the ability of chitosan to form films was explored to coat fruits and
vegetables in order to improve resistance against a number of fungal pathogens
including Botrytis cinerea (Wilson et al., 1994). Reduction of disease incidence
by chitosan coating has been reported in tomato, cucumber, strawberry, and bell
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pepper fruits (El Ghaouth et al., 1992a,b, 1994). Such a reduction of decay has
been attributed to the synergistic effect between the antifungal activity of chitosan
and its resistance-eliciting properties.

The mechanisms by which chitosan contributes to decrease disease incidence
in both plants and post-harvest commodities is still unclear. It is likely that the
interaction between the positive charges along the chitosan chain and the negative
charges of some molecules at the membrane level is responsible for strong alter-
ation in cell permeability, leading to a series of events involved in the establishment
of plant defense reactions. Kauss et al. (1989) reported that the effect of chitosan
was not related to specific binding to receptor-like molecules but rather to a more
general change in membrane properties. Oligomer size is also known to be an
important aspect of chitosan action. Chitosan oligomers with seven or more sugar
units have been shown to possess the greatest antifungal and eliciting properties
(Kauss et al., 1989).

4.4.2 Chitosan: Antimicrobial and Eliciting Properties
Antimicrobial Properties of Chitosan

Two decades ago, Allan and Hadwiger (1979) were the first to clearly show that
chitosan could inhibit the growth of several pathogenic fungi, with the exception of
zygomycetes (fungi containing chitosan as a major cell wall component). Later on,
Stossel and Leuba (1984) and Leuba and Stossel (1986) confirmed the antifungal
potential of chitosan and showed, by using UV absorption analyses, that chitosan
caused marked leakage of proteinaceous material from Pythium paroecandrum at
pH 5.8, thus indicating that fungal cell permeability was altered. More recently, ul-
trastructural investigations of fungal cultures grown in the presence of chitosan pro-
vided new insights into the cytological changes associated with reduction of radial
growth. Studies conducted on F. oxysporum f. sp. radicis-lycopersici, the causal
agent of tomato crown and root rot, revealed that not only did chitosan inhibit fun-
gal growth at concentrations ranging from 0 to 2 mg/ml, but also it induced marked
morphological changes, structural alterations, and molecular disorganization
(Benhamou, 1992). The antifungal properties of chitosan were further demon-
strated in a number of pathogens including Rhizopus stolonifer and B. cinerea
(ElGhaouth et al., 1992a; 1997), Pythium ultimum, Rhizoctonia solani and Fusar-
ium graminearum (Benhamou, unpublished observations). Chitosan was also
shown to affect bacterial growth and survival (Sudarshan et al., 1992). A num-
ber of pathogenic bacteria, including Escherichia coli, Enterobacter aerogenes,
and Staphylococcus aureus were also found to be strongly affected by chitosan.
In all cases, leakage of intracellular components was associated with the observed
bacterial alterations.

Eliciting Properties of Chitosan

Since the first demonstration that chitosan could increase membrane permeability
of suspension cultured cells, several lines of evidence have indicated that treatment
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with chitosan induced a number of plant defense reactions including the formation
of callose (Kauss et al., 1989), the accumulation of chitinases (Mauch et al., 1984),
the production of phytoalexins (Kendra and Hadwiger, 1984), and the synthesis of
protease inhibitors (Walker-Simmons and Ryan, 1984).

More recently, the cytologically visible consequences of chitosan treatment
were investigated in the tomato-Fusarium oxysporum f. sp. radicis-lycopersii in-
teraction. In control tomato plants (absence of chitosan treatment), the pathogen
ramified rapidly through much of the root tissues causing extensive host cell dam-
age. Application of chitosan oligosaccharides as root coatings, foliar sprays, or
seed treatments resulted in enhanced seedling protection against Fusarium attack
(Benhamou and Theriault, 1992; Benhamou et al., 1994b). This induced protection
was found to correlate with a marked restriction of fungal colonization and with
the rapid expression of a number of defense responses, including accumulation
of phenolic compounds and formation of structural barriers at sites of attempted
fungal penetration (Figure 4.8a). Fungal growth was limited to the epidermis and
the outer cortex in which large amounts of phenolic-like compounds accumulated.
Hyphae, surrounded by this material, suffered from severe damage and were often
reduced to empty shells (Figure 4.8b). Fungal hyphae did not penetrate the inner-
most cortical cells. However, these host cells exhibited marked changes, mainly
characterized by the accumulation of deposits varying in size, shape, and texture
(Figure 4.8b). Although indirect evidence of the production of chitinases was pro-
vided by the altered pattern of chitin distribution over the cell walls of the invading
hyphae, the observation that chitin molecules still occurred over the walls of highly
disorganized fungal cells was taken as an indication that production of chitinases
was probably preceded by other defense mechanisms. The heavy accumulation of
densely-stained, phenolic-like deposits, encircling pathogen hyphae in the colo-
nized cells and also accumulating in the noninfected inner cortex, appeared to be
the earliest feature of the host defense response.

Formation of structural barriers at sites of attempted fungal penetration is
also an important feature of host reactions to chitosan treatment (Benhamou and
Lafontaine, 1995). The most commonly encountered were heterogeneous wall ap-
positions, which formed in the invaded epidermis and outer cortex (Figure 4.9a).
Callose and to a lesser extent phenolics were detected in these wall appositions
(Figure 4.9b) (Benhamou and Lafontaine, 1995). Conceivably, enrichment of both
the host cell walls and the wall appositions with phenolics is likely to contribute to
the elaboration of permeability barriers preventing pathogen spread and enzymatic
degradation. Several studies have convincingly shown that phenolic structures
could confer strong rigidity to the host cell walls through peroxidase-mediated
cross-linking with pre-existing wall carbohydrates such as hemicellulose, pectin,
and callose (Fry, 1986). In line with these studies, we found that chitosan treatment
initiated a marked increase in phenylalanine ammonia-lyase (PAL) and peroxidase
activities (unpublished observations). The time-course of PAL and peroxidase lev-
els suggested a coordinated action of these enzymes. Induction of PAL and per-
oxidase activities was chronologically related to phenolic accumulation and/or
polymerization in elicitor-treated plants. Such a relationship was not observed in
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FIGURE 4.8. Transmission electron micrographs of Fusarium-infected root tissues from
chitosan treated tomato plants. (a). Fungal colonization is reduced and restricted to a few
cortical cells. Hemispherical and elongated wall appositions (WA) are formed onto the inner
surface of the cell wall in some host cells. Bar = 4 um. (b) In the outer root cortex, an
osmiophilic material (OD) accumulates along the cell walls and extends toward the inside
of the cell, encircling highly damaged hyphae (F). Bar = 0.5 um.

control plants although some stimulation of the two enzymes could be recorded
by one or two days after inoculation.

In light of these observations, Benhamou and Lafontaine (1995) concluded that
the wall appositions formed in tomato root tissues upon chitosan treatment and fun-
gal challenge were made of a polysaccharidic matrix mainly composed of callose
on which phenolic compounds (likely lignin) were sequentially deposited, prob-
ably to build a more impervious composite. Recently published studies agreed
on the key role of lignification and phenolic deposition in resistance to disease
and speculated on the secondary importance of callose and other polysaccharides
in defense. It is obvious that callose, unlike phenolics, does not contribute to the
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FIGURE 4.9. Transmission electron micrographs of Fusarium-infected root tissues from
chitosan treated tomato plants, and identification of callose with gold-complexed tobacco
3-1,3-glucanase. A strong deposition of gold particles is detected over the matrix of wall
appositions. a and b, bars = 0.5um.

creation of a fungitoxic environment. However, it may contribute to the establish-
ment of lignin-like compounds by providing potential binding sites.

4.5 Induced Resistance and Integrated Crop
Protection Strategy

Although there has been great effort devoted to the identification and testing of
microbial antagonists, biological control has relied mainly on the use of single
microbial inoculants to suppress diseases. Research over the last few years has
led to the concept that application of a single biocontrol agent was not always
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the most appropriate approach for obtaining sustainable disease management. By
contrast, biological mixtures, containing two or more microbial products or agents
with complementary modes of action, appear to offer more promise to achieve
long-term stable and persistent biological control (Hoitink et al., 1996; Benhamou
et al., 1998). During the last decade, much attention has been paid to disease
suppressive systems such as naturally suppressive soils (Alabouvette, 1999) and
composts (Phae et al., 1990), mainly because of their potential to offer environ-
mental conditions favoring the growth and development of effective microbial
antagonists while providing the energy required to support the metabolic activity
of these beneficial organisms (De Ceuster and Hoitink, 1999). The modes of action
by which suppressive composts operate have been the subject of intensive studies,
but it is only recently that plant induced resistance has been suggested to contribute
to the biocontrol process mediated by compost-amended substrates (Zhang et al.,
1996, 1998). Using a cucumber split root system, Zhang et al. (1996) reported
that composted pine bark and composted cow manure induced systemic resistance
to Pythium ultimum in cucumber whereas a sphagnum peat mix failed to trigger
plant disease resistance. This compost mediated induced resistance appeared to
correlate with an increase in the activity of some enzymes such as peroxidases and
[3-1,3-glucanases, known to be important components in the overall plant defense
strategy. Recently, Zhang et al. (1998) provided evidence that amendment of com-
posts with a selected biocontrol agent was a valuable option to confer increased
resistance against anthracnose in cucumber and bacterial speck in Arabidopsis.
In an attempt to investigate the effect of compost obtained from pulp and paper
mill residues on the cytologically visible consequences of the response induced
in susceptible tomato plants infected by F. oxysporum f. sp. radicis-Iycopersici,
Pharand et al. (2002) showed that the beneficial effect of compost in reducing
disease symptoms was associated with increased plant resistance to fungal colo-
nization (Figure 4.10). Accumulation of osmiophilic deposits encircling Fusarium
hyphae (Figure 4.10a) and formation of physical barriers at sites of attempted fun-
gal penetration were important features of reaction in tomato plants grown in
compost-amended mix. Understandably, reinforcement of the mechanical proper-
ties of the plant cell wall is a prerequisite to successful protection of the internal
root tissues. Because it does not require transcriptional activation, callose synthe-
sis, a Ca®* -dependent process, is probably one of the first key events leading to
plant cell wall modifications (Moerschbacher and Mendgen, 2000). While it is
clear that an increased Ca* influx is responsible for the observed callose deposi-
tion in wall appositions and is involved in the complex network of cell signaling
that generate the second messengers and trigger the inducible host response, the
exact mechanisms leading to accelerated Ca>* entrance are largely unknown, al-
though a number of possibilities may be raised. First, the enzymatic activity (i.e.,
chitinases, chitosanases, and {3-1,3-glucanases) of the microflora present in the
compost may promote the release of fungal and bacterial wall fragments that, in
turn, are recognized by specific membrane receptors of the host plant. This would
lead to a complex response in which a number of early events including oxidative
burst, rapid changes in the permeability of the plasma membrane to such ions as
Ca’*, H*, K+, and ClI~, and production of salicylic acid (Boller and Keen, 2000)
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FIGURE 4.10. Transmission electron micrographs of root tissues from tomato plants
grown in a mixture of peat moss and pulp and paper mill sludge compost. Samples were
collected 7 days after inoculation with Fusarium oxysporum f. sp. radicis-Iycopersici. (a)
Osmiophilic deposits (OD), accumulating in colonized intercellular spaces, interact with
Fusarium (F) hyphae causing some alterations. Bar = 2 um. (b) In root tissues from tomato
plants grown in a mixture of peat moss and pulp and paper mill sludge compost amended
with Pythium oligandrum, hyphae of Fusarium oxysporum f. sp. radicis-lysopersici (F)
are embedded in an electron-dense matrix and are surrounded by multitextured wall
appositions (WA). Bar = 2 um.

are stimulated. Second, other enzymes, including pectinases, xylanases, and xy-
loglucanases, produced by the microorganisms to obtain food sources from paper
and mill residues present in the compost, may have generated potential elicitors of
plant defense reactions. In recent years, the eliciting properties of various oligosac-
charides of plant origin have been abundantly documented in a number of plants
and have been shown to play a key role in priming the plant defense system (Cote
and Hahn, 1994). Third, fungal proteinaceous molecules, such as the elicitins pro-
duced by a number of Phytophthora and Pythium spp. (Ricci, 1997), may have
been the stimulus required for signaling the plant to mobilize its defense strategy.

The most striking and interesting was the amplified response detected in tomato
plants grown in P. oligandrum-fortified compost. Pharand et al., (2002) showed a
substantial increase in the extent and magnitude of the compost-induced cellular
changes when P. oligandrum was supplied to the potting substrate (Figure 4.10b).
This finding corroborates the current concept that amendment of composts with
specific antagonists is a valuable option for amplifying their beneficial properties in
terms of plant disease suppression (Hoitink et al., 1996). Because Trichoderma spp.
are known to exhibit antagonism against a large number of soil-borne pathogens
(Chet, 1987) and to massively colonize cellulose-containing composts (Thorton
and Gilligan, 1999), most attempts to improve the performance of composts have
focused on the integration of these fungal microorganisms (Hoitink et al., 1996)
and have ignored the potential of other antagonists such as P. oligandrum at
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controlling Fusarium wilts (Benhamou et al., 1997). The antimicrobial and elicit-
ing properties of P. oligandrum, as recently evidenced by the identification of the
inducing factor, oligandrin, (Picard et al., 2000) should favor the incorporation of
this nonpathogenic organism into compost-amended mixes.

Over the past decades, a number of different approaches have been considered
by plant pathologists toward enhancing plant disease resistance. Among these,
the use of naturally suppressive composts as part of an integrated disease control
strategy offers exciting opportunities, although it is clear that unequivocal answers
to key questions are lacking, including the stability and persistence of the induced
host response, the efficiency of such substrates under commercial conditions, and
their suitability in an integrated crop protection system. In spite of these limi-
tations, the recent advances in our fundamental understanding of the nature of
compost-mediated induced resistance in plants highlights the great potential of
these peat substitutes in greenhouse crop protection. The cytological demonstra-
tion that pathogen growth and development were restricted or even halted and that
structural and biochemical barriers were elaborated in plant tissues underlying ar-
eas of pathogen penetration gives reason to believe that compost-amended potting
mixes may play a key role in the control of a large number of root diseases. Com-
posts are gaining increased popularity not only from an ecological point of view
as a means to recycle pollutants, but also because their potential in suppressing
soilborne plant diseases clearly meets with the current needs toward sustainable
agriculture at a lower environmental cost.

4.6 Conclusion

Over the past two decades, a number of different approaches have been considered
by plant pathologists toward enhancing plant disease resistance. Among these,
the use of non-specific resistance elicitors as part of an integrated disease control
strategy offers exciting opportunities. However, it is clear that unequivocal an-
swers to key questions, including the stability and persistence of the induced host
response, the efficiency of such agents, products and/or molecules under commer-
cial conditions, and their suitability in an integrated crop protection system, need
to be answered before elicitors can be considered as powerful crop protectants. In
spite of these limitations, the recent advances in our fundamental understanding
of the nature of microbially- and chitosan-mediated induced resistance in plants
highlights the great potential of induced resistance in plant protection. The demon-
stration that pathogen growth and development were restricted or even halted and
that structural and biochemical barriers were elaborated in plant tissues underlying
areas of pathogen penetration gives reason to believe that induced resistance may
be active against a wide array of pathogens and even insects, thereby increasing
the level of resistance. It is clear that exploiting plant induced resistance as an
alternative strategy of disease and pest management clearly meets with the cur-
rent needs toward sustainable agriculture at a lower environmental cost. However,
coordinated research efforts are still needed to develop programmes dealing with
molecular genetic analyses, formulation studies, and large-scale experiments.
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The Hypersensitive Response
in Plant Disease Resistance

NAOHIDE WATANABE AND ERriCc LaM

5.1 Hypersensitive Response: The Phenomenon

5.1.1 Physical Properties of the Hypersensitive Response

Plants can recognize certain pathogens and activate defenses (called the resistance
response) that result in the limitation of pathogen growth at the site of infection.
One dramatic hallmark of the resistance response is the induction of rapid and
localized cell death, a reaction known as the hypersensitive response (HR), when
plants are challenged with an incompatible pathogen. HR cell death is also man-
ifested as a collapse of the infected tissue (see Fig. 5.1) and is considered to be
involved in pathogen resistance by creating a physical barrier that may impede pro-
liferation and spread of some pathogens (Goodman and Novacky, 1994; Alfano
and Collmer, 1996). Furthermore, the HR is important for limiting the nutrient
supply of some pathogens, since the dying tissue rapidly becomes dehydrated.
Thus, the antimicrobial defense of plant cells is thought to involve the activation
of a suicide pathway in infected cells.

Programmed cell death (PCD) is one of the key mechanisms controlling cell
proliferation, generation of developmental patterns, and defense of animals against
pathogens and environmental insults (Schwartzman and Cidlowski, 1993). One of
the most widely studied forms of PCD is apoptosis, a type of PCD that displays
a distinct set of physiological and morphological features (Martin et al., 1994).
Morphological hallmarks of apoptosis include the condensation of chromatin at
the nuclear periphery, the condensation and vacuolization of the cytoplasm and
blebbing of the plasma membrane. Despite these cellular changes, the mitochon-
dria remain relatively stable. These changes are followed by breakdown of the
nucleus and fragmentation of the cell to form apoptotic bodies (Schwartzman
and Cidlowski, 1993). Among the many biochemical changes commonly found
in cells undergoing apoptosis is the systematic fragmentation and degradation of
nuclear DNA (Bortner et al., 1995). Large fragments of 300 kb and/or 50 kb
are first produced by endonucleolytic degradation of nuclear DNA (Oberhammer
et al., 1993). These are further degraded by cleavage at linker DNA sites between
nucleosomes resulting in DNA fragments that are multimers of about 180 bp
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FIGURE 5.1. Morphological observation of collapsed cells of Arabidopsis leaf after induction
of HR cell death. (a) Fully expanded leaf of 4- to 5-week-old Arabidopsis plants (ecotype
Colombia; Col-0) was infiltrated with Pseudomonas syringae pv maculicola strain that
contains the avrRpt2 gene (P.s.m. ES4326/avrRpt2; 10° CFU/cm?) and induced an HR.
The leaf was photographed at 20 hour-post-infiltration. (b) The leaf was sampled 24 hour-
post-infiltration and was fixed in 10% formaldehyde-5% acetic acid-50% ethanol for 3 hours,
dehydrated through a graded ethanol series (50, 75, and 100% for 20 min at each step),
and incubated in 100% ethanol at 4°C for 3 hours. After rehydrating in water, the collapsed
cells were observed by light microscopy. (¢) shows the higher magnification view of the
area which is shown as a red frame in (b). CP, chloroplast.

(Wyllie et al., 1984). Degradation of nuclear DNA during apoptosis is coordinated
with activation of specific endonucleases that are thought to mediate chromatin
cleavage (Peitsch et al., 1993). Cells undergoing HR cell death have some of the
features that characterize apoptosis, including condensation and vacuolization of
the cytoplasm, blebbing of the plasma membrane, stable mitochondria, and cell
shrinkage (Roebuck et al., 1978; Levine et al., 1996; Mittler et al., 1997b; Che
et al., 1999; Kawasaki et al., 1999). Moreover, the biochemical events involved in
apoptosis, such as activation of specific endonucleases and DNA fragmentation,
are also found in plant PCD (Mittler and Lam, 1995; Ryerson and Heath, 1996;
Wang et al., 1996b; Mittler and Lam, 1997; Mittler et al., 1997a,b; Sugiyama et al.,
2000). These observations indicate that some mechanisms of cell death activation
may be conserved between animals and plants.

Itis believed that the HR constitutes one of the mechanisms of resistance to plant
pathogens. Induction of HR is often associated with elevated levels of salicylic
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acid (SA), a key regulator of defense responses and pathogen resistance, synthesis
of pathogenesis-related (PR) proteins that exhibit antimicrobial activity such as
glucanases and chitinases, thickening and hardening of cell walls, and production
of antimicrobial compounds called phytoalexins (Hammond-Kosack and Jones,
1996; Ryals et al., 1996). Furthermore, recognition of an incompatible pathogen
triggers the rapid production of reactive oxygen intermediates (ROI) superoxide
(03) and hydrogen peroxide (H,0;) in an oxidative burst (Lamb and Dixion,
1997). ROI, in turn, drive crosslinking of the cell wall (Bradley et al., 1992),
induce several plant genes involved in cellular protection and defense (Chen et al.,
1993; Levine et al., 1994; Jabs et al., 1996), and are necessary for the initiation
of host cell death in HR (Lamb and Dixion, 1997). However, these signaling
intermediates may not be sufficient to activate cell death on their own. Evidence
for involvement of nitric oxide (NO) in the activation of HR cell death has recently
been reported (Delledonne et al., 1998; Durner et al., 1998; Clark et al., 2000).
It was also suggested that SA, which accumulates during the HR, is involved in
the production of ROI (Chen et al., 1993; Chamnongpol et al., 1996; Durner and
Klessig, 1996; Takahashi et al., 1997). Thus, multiple secondary signals, such as
ROIs, SA, and NO, appear to be essential second messengers for the activation and
execution of HR cell death. As a result of the multiple biochemical events during
the induction of the HR, growth of the pathogen is restricted.

5.1.2 Genetics of Host-Microbe Signaling

The resistance of some plants to infection by certain pathogens reflects the pres-
ence of disease resistance (R) genes, which are predicted to encode receptors for
pathogen-derived molecules (see in recent review: Shirasu and Schulze-Lefert,
2000; Dangl and Jones, 2001). A single gene in the host (the R gene) confers
resistance only to those pathogen isolates containing a corresponding Avr gene
(Flor, 1971). This “gene-for-gene” type of resistance is generally interpreted by an
elicitor-receptor model: the plant R proteins recognize directly or indirectly partic-
ular Avr proteins produced by different pathogen strains. Most R gene-triggered
resistance appears to be associated with HR cell death. In other cases, the plant, al-
though infected, may outgrow the pathogen long enough to complete its life cycle.
Figure 5.2 shows a typical example of the gene-for-gene system in Arabidop-
sis: the compatible/incompatible interactions between Pseudomonas syringae and
Arabidopsis thaliana. Arabidopsis plants of the ecotype Columbia (Col-0) con-
tain the resistance (R) gene Rps2 (Bent et al., 1994; Mindrinos et al., 1994). These
plants, but not rps2 plants, can recognize Pseudomonas strains that contain the Avr
gene avrRpt2 and mount an HR. However, they are unable to recognize a Pseu-
domonas strain that does not contain the avrRpt2 gene and are therefore unable to
mount a defense response in the form of an HR.

Activation of the HR triggers a systemic resistance response known as systemic
acquired resistance (SAR). This response includes the accumulation of the signal
molecule salicylic acid (SA) throughout the plant and the expression of a char-
acteristic set of defense gene, including PR genes (Malamy et al., 1990; Métraux
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FIGURE 5.2. Illustration of “gene-for-gene” interaction: activation of HR cell death via
the Rps2/AvrRpt2 pathway. Fully expanded leaves of 4- to 5-week-old Arabidopsis plants
(Col-0) were infiltrated with Pseudomonas syringae pv maculicola strain ES4326 (P.s.m.;
10° CFU/cm?) that does not induce an HR, P.s.m. ES4326/avrRpt2 (10° CFU/cm?) which
induces an HR, or mock infected with 10 mM MgCl, as described by Greenburg et al.
(1994) or Mittler et al. (1997a). Leaves of 4- to 5-week-old Arabidopsis rps2-103C plants
were infiltrated with P.s.m. and P.s.m. ES4326/avrRpt2, or mock infected with 10 mM
MgCl,. These leaves were sampled and photographed at 20 hour-post-infiltration.

etal., 1990; Gaffney et al., 1993) [salicylate-mediated induced systemic resistance
is also called ISR in some literature]. Plants expressing SAR are more resistant to
subsequent attacks by a variety of otherwise unrelated virulent pathogens (Ryals
etal., 1996). Many defense responses that are characteristic of SAR also contribute
to local resistance that is mediated by R genes, and to the local growth limitation of
moderately virulent pathogens. In addition to SA, the NPRI/NIM1 gene product is
a key mediator of SAR as well as gene-for-gene disease resistance (Dong, 2001).
The SA signal is transduced through NPR1/NIM1, a nuclear-localized protein that
interacts with TGA transcription factors, which may be involved in SA-mediated
gene expression (Zhang et al., 1999; Després et al., 2000; Zhou et al., 2000b).
The past decade has seen the isolation of various R genes from different plant
species that can specify resistance to viruses, bacteria, fungi, nematodes and in-
sects. An important observation from sequence alignment of the encoded pro-
teins is a modular R protein structure. Despite a wide range of pathogen taxa and
their presumed pathogenecity effector molecules, R genes encode only several
classes of structurally related proteins (see reviews: Shirasu and Schulze-Lefert,
2000; Dangl and Jones, 2001). These include the Cf-X class of tomato R proteins
(Cf-2, Cf-4, Cf-5, Cf-9), containing extracellular leucine-rich repeats (LRRs), a
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single-span transmembrane domain, and a short cytoplasmic region with no known
homologies; Xa21 and FLS2, transmembrane proteins containing extracellular
LRRs and a cytoplasmic serine-threonine kinase domain; and Pto, a cytoplasmic
soluble serine-threonine kinase. More recently, two genes containing novel struc-
tures for a disease resistance gene were cloned. One gene is tomato Ve, which
encodes a putative cell surface-like receptor that has N-terminal LRR domain con-
taining 28 or 35 potential glycosylation sites, a hydrophobic membrane-spanning
domain, and a C-terminal endocytosis-like signal sequence (Kuwchuk et al., 2001).
The other gene is barley Rpgl, which encodes a receptor-kinase that contains an
N-terminal domain that does not resemble any previously described receptor and
two tandem protein kinase domains (Brueggeman et al., 2002). Aside from these
noted exceptions, the majority of cloned R genes contain nucleotide-binding site
(NBS) and LRR motifs. The Arabidopsis genome sequence annotation predicted
that ~150 genes with homology to the NBS-LRR class of R genes exist in this
species alone (The Arabidopsis Genome Initiative, 2000). Proteins containing LRR
motif are thought to be involved in protein—protein interactions, and the specificity
of these interactions is likely to be determined by the composition of the variable
amino acids in the consensus core of the LRRs (Kobe and Deisenhofer, 1995). In
addition, the NBS motif is thought to be critical for ATP or GTP binding, although
to date there is no direct biochemical evidence for the postulated nucleotide bind-
ing activity via this domain of R proteins. The NBS-LRR class of R proteins can be
divided into two subclasses based on the conserved N-terminal motif. One subclass
has a coiled-coil domain (CC) that consists of a putative leucine zipper motif: this
CC-NBS-LRR subclass includes Arabidopsis RPM 1, RPS2, RPPS, RPS5, tomato
Prf and Mi, and potato RxI. The other subclass contains an N-terminal domain
that has significant homology with the Toll/interleukin receptor domain (TIR):
this TIR-NBS-LRR subclass includes the tobacco N, flax Lg and M, and Ara-
bidopsis RPS4, RPP5, and Rppl. Surprisingly, the NBS region of the R genes
shares sequence homology with the NBS region of cell death genes such as CED4
from Caenorhabditis elegans and Apaf-1, FLASH, CARD4, and Nodl from human
(Aravind et al., 1999). The presence of conserved TIR, NBS, and LRR structural
motifs in different R proteins may imply their involvement in protein complexes
that recognize pathogen-derived ligands (Avr products) and trigger signal trans-
duction leading to defense response. Moreover, identification of the TIR domains
in the N, Lg, M, RPPS, and RPS4 proteins suggests that plants and animals might
use proteins with similar domains to resist infection.

5.1.3 Relationship to Disease Resistance

In most studied cases, HR appears to correlate with activation of resistance to a
broad range of pathogens. However, HR cell death does not protect plants against
infection by necrosis-causing pathogens (necrotrophic pathogens) such as the fungi
Botrytis cinerea and Sclerotina sclerotiorum, although HR is thought to deprive
the pathogens of the supply for food and confine them to initial infection site. The
disease is manifested by appearance of necrotic lesions. Necrotrophic pathogens
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usually kill the host cells before deriving food from them, often through secretion
of toxin (Weymann et al., 1995; Hunt et al., 1997). Recent study has provided
interesting evidence showing that infection of plants by necrotrophic pathogens
can induce an oxidative burst and HR cell death with a marker of apoptosis, such as
nuclear condensation, and with induction of HR-specific gene HSR203J (Govrin
and Levine, 2000). The degree of B. cinerea and S. sclerotiorum pathogenicity was
directly dependent on the level of generation and accumulation of superoxide or
hydrogen peroxide. Interestingly, growth of B. cinerea can be suppressed in the
HR-deficient mutant dndl, and enhanced by HR caused by simultaneous infection
with an avirulent strain of P, syringae (Govrin and Levine, 2000). Thus, HR induced
by incompatible strain of bacterial pathogen (biotrophic pathogen) or elicited by
nectrotrophic pathogen can restrict the spread of a biotrophic pathogen, but has an
opposite effect against necrotrophic pathogens.

Furthermore, previous studies have provided some evidence that the HR is not
always required for gene-for-gene resistance and SA synthesis. Examples have
been reported with Avr-specific resistance genes that do not provoke macroscopic
HR during the restriction of pathogen growth (Goulden and Baulcombe, 1993).
Recent evidence that HR cell death and defense gene activation can be uncoupled
comes from their apparent separation by the dndl mutation (Yu et al., 1998; Clough
et al., 2000) and protease inhibitor studies (del Pozo and Lam, 1998). Although
these do not rule out the possibility that HR plays an important role in resistance,
it suggests that disease resistance may be activated by a number of mechanisms,
and in some cases, a subset of defense mechanisms would be sufficient to stop the
growth of particular pathogens in the infected tissue.

HR cell death appears more tightly correlated with viral resistance as compared
to resistance against bacterial pathogens. For example, the interaction between
tobacco mosaic virus (TMV) and tobacco harbouring the N gene is a classic model
system for studying gene-for-gene interaction and disease resistance (Holmes,
1938). Recently, Baker and coworkers systemically investigated the precise role
of the N-encoded TIR, NBS, and LRR domains in conferring TMV resistance by
the construction and analysis of a series of deletion and amino acid substitution
mutant alleles of N (Dinesh-Kumar et al., 2000). Their deletion analysis suggests
that TIR, NBS, and LRR domains each play an important role in the induction of
resistance response against TMV. Moreover, they found that amino acid residues
conserved among the TIR domain and NBS-containing proteins play critical roles
in N-mediated TMYV resistance. Some loss-of-function N alleles, such as the TIR
deletion mutant and others with point mutations in the NBS region, apparently
can interfere with the wild-type N function and behave like dominant negative
mutations. Interestingly, many amino acid substitutions in the TIR, NBS, and
LRR domains of N lead to a partial loss-of-function phenotype in which transgenic
tobacco plants can mount a delayed HR compared with the wild-type plants but
fail to contain the virus to the infection sites.

In animal cells, the ability of many viruses to replicate and spread is dependent
on the production of inhibitors of apoptosis such as the p35 protein and Inhibitor of
Apoptosis Protein (IAP) of baculovirus that act as inhibitors to caspases, a family
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of cysteine proteases that serve as the crucial switch for many forms of PCD in
animal cells (Green, 2000). Recent evidence from inhibitor studies and biochem-
ical approaches suggests that caspase-like proteases may also be involved in PCD
control in plants (Lam and del Pozo, 2000) (also see Section 5.3.4). Evidence
for the functional significance of PCD as a plant defense response against viruses
is apparent from studies in which baculovirus p35 was expressed in transgenic
tobacco plants and then challenged with TMV (del Pozo and Lam, 2003). Infec-
tion of p35—expressing transgenic tobacco plants with TMV also can result in
systemic spreading of the virus within a resistant background. Transgenic tobacco
plants expressing mutant versions of the p35 protein that are defective in caspase
inhibition did not show this phenotype. A striking characteristic of these plants is
that TMV is able to escape from the primary inoculated leaves and systemically
infect the plant in spite of the presence of the N resistance gene. Thus, in this
particular plant—virus interaction, timely induction of HR cell death is necessary
for restricting the pathogen to the primary infection site.

5.2 Approaches for the Characterizaton of the Response

5.2.1 Differential Gene Expression

The processes that determine the outcome of an interaction between plants and
pathogens appear to be complex. Identification of genes differentially expressed in
the compatible and incompatible interaction would allow a greater understanding
of the molecular mechanism of HR cell death. To address this problem, differential
library screening has been frequently used in earlier work. For example, Marco
etal. (1990) reported the identification of two classes of genes (str and hsr) that are
activated during the HR of tobacco in response to an incompatible isolate of Pseu-
domonas solanacearum, but not in response to an hrp mutant of the same bacterial
isolate. Among these genes, activation of the tobacco gene hsr203J is rapid, highly
localized, and specific for incompatible plant—pathogen interactions (Pontier et al.,
1994). Its expression is also strongly correlated with PCD occurring in response
not only to diverse pathogens but also to various cell-death-triggering extracellular
agents (Pontier et al., 1998). On the other hand, using a synchronous HR-inducing
system with TMV and resistant tobacco cultivars, Seo et al., (2000) isolated the
cDNA of tobacco DS9 the transcript level of which specifically decreased three
hours after TMV infection. The DS9 gene encodes a chloroplast-targeted homolog
of bacterial FtsH protein, which serves to maintain quality control of some cyto-
plasmic and membrane proteins. The authors clearly demonstrated that reduced
levels of DS9 protein in TM V-infected tobacco leaves accelerate the HR, suggest-
ing that accumulation of damaged protein in the plastids may act as a signal for
HR induction (Seo et al., 2000).

Early attempts to document global changes in defense-associated gene expres-
sion were limited by the difficulty of identifying the significant genes and their
products using differential screening or differential display methods. Although the
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above studies introduced here provide the identification of some interesting factors
that may be involved in HR cell death, many aspects of the response to infection
remain uncharacterized. Improvements in technology such as the generation of ex-
pressed sequence tag (EST) collections for various plant species and the complete
sequencing of the Arabidopsis genome offer the potential for a global understand-
ing of the transcriptional response during HR activation. DNA microarrays are
powerful tools for a wide range of areas in plant molecular biology and can pro-
vide information on the expression patterns for thousands of genes in parallel (Zhu
and Wang, 2000; Ahanoni and Vorst, 2001; Kazan et al., 2001). DNA microarrays
are currently fabricated and assayed by two main approaches, involving either in
situ synthesis of oligonucleotides (oligonucleotide microarray) or deposition of
presynthesized DNA fragments (cDNA microarray) on solid surfaces (see recent
review by Aharoni and Vorst, 2002). The application of this technology is being
used to comprehensively profile gene expression networks during the plant de-
fense response that is triggered when a plant encounters a pathogen or an elicitor
molecule (Maleck et al., 2000; Schenk et al., 2000; Chen et al., 2002; Scheideler
et al., 2002). In addition to identifying new genes induced during various defense
responses in a global scale, these studies are providing new insights into the com-
plex pathways governing defense gene regulation.

5.2.2 Biochemical, Pharmacological
and Physical Approaches

One of the earliest responses activated after host plant recognition of an Avr pro-
tein or nonhost specific elicitor is the oxidative burst, in which levels of ROI
rapidly increase (Lamb and Dixon, 1997). Earlier pharmacological and physiolog-
ical evidence using an inhibitor of the neutrophil NADPH oxidase, diphenylene
iodonium (DPI), indicated that DPI can block the oxidative burst in plant cells
(Doke, 1983; Doke and Ohashi, 1988; Levine et al., 1994; Auh and Murphy, 1995;
Levine et al., 1996). Activation of the oxidative burst is governed by a phospho-
rylation/dephosphorylation poise because the protein phosphatase 2A inhibitor
cantharidin can enhance ROI production in soybean cells in response to avirulent
bacteria or elicitor (Levine et al., 1994; Tenhaken et al., 1995). In contrast, the
serine/threonine protein phosphatase inhibitor okadaic acid inhibits the oxidative
burst and HR cell death induced by TMV (Dunigan and Madlener, 1995). The in-
hibitor of eukaryotic ribosomes, cycloheximide, can inhibit the oxidative burst of
soybean cells in response to avirulent pathogen (Shirasu et al., 1997) and suggests
that de novo protein synthesis is required for this process. Lastly, mastoparan, a
specific activator of G-proteins in mammal, induces H,O, accumulation in soy-
bean cells in the absence of elicitor (Legendre et al., 1992; Chandra and Low,
1995).

Another early signaling event induced in plants during recognition of an invading
pathogen is thought to be the enhanced flow of ions across the plasma membrane.
This response involves an inward flux of calcium and protons, combined with
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outward fluxes of potassium and chloride (Atkinson and Baker, 1989). The in-
volvement of ion fluxes in the induction of HR signal transduction pathway was
suggested by direct physiological measurement of the particular ion concentra-
tions (Niirnberger et al., 1994; Jabs et al., 1997), as well as by different pharma-
cological studies (Jabs et al., 1997; Zhou et al., 2000a). In parsley, inhibition of
elicitor-stimulated ion fluxes by ion channel blockers prevented ROI production,
defense gene activation, and phytoalexin biosynthesis, while artificial induction
of ion fluxes, in the absence of the elicitor, stimulated these responses (Jabs et al.,
1997). In tomato, treatment with fusicoccin, an activator of the plasma membrane
H*-ATPase pump, was found to cause the acidification of the apoplast and the in-
duction of SA biosynthesis and PR-gene expression (Schaller and Oecking, 1999).
Fusicoccin, as well as treatment with a low-pH buffer, was also found to enhance
HR cell death in barley (Zhou et al., 2000b). Ca>* influxes also play a crucial role
in the execution of the HR. Blocking Ca** ion channels using calcium channel
blocker La** was shown to inhibit HR in tobacco, Arabidopsis and soybean sys-
tems (Atkinson et al., 1990; He et al., 1993; Levine et al., 1996; Mittler et al.,
1997b). Treatment of plant cells with a Ca>* ionophore can also induce HR-like
cell death (Levine et al., 1996). Calcium signals appear to be at least in part me-
diated through protein phosphorylation and such activity has been implicated in
cell culture response to the bacterial nonspecific HR elicitor protein harpin (Pike
et al., 1998). However, the genes encoding the channels that mediate these fluxes
in vivo have not been identified, and no direct genetic evidence currently exists for
the involvement of ion fluxes in the induction of the HR.

Salicylic acid (SA) plays a key role in the activation of SAR and gene-for-gene
resistance. SA levels increase after pathogen infection, which, in turn, leads to the
induction of a number of PR genes (Malamy et al., 1990; Métraux et al., 1990).
SAR can also be modulated by treatment with SA and chemical inducers such
as 2,6-dichloroisonicotinic acid (INA; Métraux et al., 1990) and benzo(1,2,3)-
thiadiazole-7-carbothioic acid S-methyl ester (BTH; Friedrich et al., 1996). De-
pletion of endogenous SA levels in Arabidopsis and tobacco by overexpression
of the bacterial gene nahG, encoding the enzyme salicylate hydroxylase, results
in a breakdown of SAR and gene-for-gene resistance (Ryals et al., 1996). INA
and BTH do not increase SA concentration in the plant and can activate SAR
in both wild-type and NahG plants, suggesting these synthetic analogues of SA
act independently or downstream of SA in the SAR signaling pathway (Friedrich
et al., 1996; Ryals et al., 1996).

Host cell death can also be caused by pathogen-produced phytotoxic compounds
that function as key virulence determinants. Necrotrophic phytopathogenic fungi
synthesize a wide range of phytotoxic compounds, including the sphinganine ana-
log mycotoxins, which are produced by at least two unrelated groups of fungi,
Alternaria and Fusarium spp (Gilchrist, 1998). Fumonisin B1 (FB1) is one of
several related sphinganine analog mycotoxins produced by F. moniliforme and
elicits an apoptotic form of PCD in both plants and animal cell cultures (Wang
et al., 1996a,b). Ausubel and coworkers have recently established a relatively sim-
ple pathogen-free system in Arabidopsis involving FB1 that can be used to study
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the signal transduction events involved in pathogen-elicited cell death (Stone et al.,
2000). FB1-induced lesions in Arabidopsis are similar to pathogen-induced lesions
in many aspects, including deposition of phenolic compounds and callose, pro-
duction of ROIs, accumulation of the phytoalexin camalexin, and induction of
defense-related gene expression. The authors also showed that FB1 can be used
to select directly for FB1-resistant mutants, some of which display enhanced re-
sistance to a virulent strain of P. syringae, suggesting that pathogen-elicited PCD
of host cells may be an important feature for certain compatible plant-pathogen
interactions.

In the past several years, indirect evidence from biochemical and physiological
studies has pointed to the involvement of proteases as a key player in the activa-
tion of HR cell death. For example, in cultured soybean cells, synthetic protease
inhibitors effectively suppressed PCD triggered by oxidative stress or by infection
with avirulent pathogens (Levine et al., 1996). It is noteworthy that only a subset of
the tested protease inhibitors (PMSF, AEBSF, and leupeptin) partially block PCD.
No inhibition and in some cases even increased cell death were observed with
the serine protease inhibitors TLCK and TPCK, suggesting the stabilization of
certain positive factors for HR activation (Levine et al., 1996). On the other hand,
it is widely known that caspases are conserved cysteine proteases that regulate
animal PCD (White, 1996). The possible involvement of caspase-like protease
activities during HR cell death was also implicated by using specific inhibitors
and substrates (del Pozo and Lam, 1998; D’Silva et al., 1998) (see also Section
5.3.4). In mammalian systems, cysteine proteases including caspases are major
executors of PCD, but other classes of proteases, such as cathepsin D, aspar-
tate proteases, metalloproteases, calcium-dependent proteases (calpain) and the
ubiquitin/proteasome system have also been found to be involved in PCD (Beers
et al., 2000). It is currently unclear whether these classes of proteases may also
be involved in the activation of HR cell death (Heath, 2000). Recent studies with
the tomato Cf-2 resistance system has identified the locus Rcr3, which encodes
a papain-like cysteine protease, as a specific and critical mediator for elicitation
of the HR by Avr2 expressing races of the fungus Cladosporium fulvum (Kruger
et al., 2002). Although its mode of action remains to be determined, Rcr3 serves
as the first clear genetic evidence that a dedicated protease is involved in the HR
induction process.

The importance of the mitochondrion in the expression of HR-associated PCD
in plants comes from studies of the alternative oxidase (AOX), the mitochondrial
enzyme localized in the inner membrane (reviewed in Lam et al., 1999a). AOX can
control the generation of reactive oxygen species (ROS) from the mitochondrial
electron transport chain when oxidative phosphorylation is inhibited. For exam-
ple, when activity of the mitochondrial electron transport chain is inhibited by
antimycin A treatment, AOX expression is induced and ROS generation is kept
to a minimum so that little cell death is activated (Maxwell et al., 1999). Over-
expression of AOX has the reverse effects, suggesting that plant mitochondria
have an important role as a signal generator for HR-induced cell death, perhaps
by generation of ROS derived from electron-transfer intermediates in the inner
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mitochondrial membrane (Maxwell et al., 1999). Furthermore, Chivasa and Carr
(1998) has shown by using an inhibitor of AOX salicylhydroxamic acid, that in-
hibition of AOX activity causes the inhibition of SA-induced resistance to TMV
in tobacco, and antimycin A and KCN also induced AOX transcript accumulation
and resistance to TMV. Induction of AOX has also been observed under several
stress conditions and a recent study in Arabidopsis showed that rapid localized
AOX induction by avirulent bacterial pathogens requires SA (Simons et al., 1999).
Thus, these features strongly suggest that AOX may act as a safety valve for the
control of HR activation and are consistent with its enhanced expression during
the latter phase of the HR. AOX is not found in animal cells, thus it may be a
specialized regulator to control cell death activation in plants (Lam et al., 1999a).
In addition to the above observation, the importance of mitochondria in the expres-
sion of HR cell death comes from studies of the mode of action for host-selective
toxin, victorin, which is required for pathogenesis and induces rapid cell death in
susceptible, toxin-sensitive oat genotype (reviewed in Wolpert et al., 2002).

5.2.3 Genetic Dissection of the Key Factors Involved in HR

It has been difficult to assess experimentally the utility of cell death in gene-
for-gene disease resistance because cell death is usually a central feature of this
response. A mutational approach was used to shed further light on the relation-
ships between HR cell death and pathogen growth arrest. The dnd (defense, no
death) class of mutants, including dndl, dnd2, and Y 15, were identified by their
reduced ability to produce the HR in response to avirulent P. syringae that express
avrRpt2, and were isolated in a screen designed to discover additional components
of the avrRpt2-RPS2 disease resistance pathway in Arabidopsis (Yu et al., 1998).
Among these mutants, the dnd/ are defective in HR cell death but retain character-
istic responses to avirulent bacteria, such as induction of PR gene expression and
strong restriction of pathogen growth. Interestingly, progeny lines derived from
the dndl mutant also failed to produce an HR in response to P. syringae strains
expressing avirulence genes avrRpml or avrB (Kunkel et al., 1993). Since two
separate resistance genes (RPS2 and RPM ) control responsiveness to these three
separate avirulence genes (avrRpt2, avrRpml, avrB), it appears that DNDI is a
common component of the plant defense response shared by distinct signal ini-
tiators. Recent identification of the Dndl gene by positional cloning revealed that
DND1 shows homologies to cyclic nucleotide-gated ion channels and confirmed
to have ion channeling activity when expressed in yeast and animal cells (Clough
et al., 2000). However, its mode of action in planta remains to be defined.

The highly localized nature of the HR suggests that mechanisms must exist
to keep cell death contained. A large class of mutation exists in maize that is
characterized by the spontaneous formation of discrete or expanding lesions of
varying size, shape, and color in leaves (Johal et al., 1995). Because lesions as-
sociated with some of these mutants resemble symptoms of certain diseases of
maize, they have been collectively called disease lesion mimics. To date, more
than 40 independent lesion mimics, both recessive (designed les) and dominant
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(designed Les), have been identified in maize (Johal et al., 1995). More recently,
systematic screening of similar mutants in Arabidopsis yielded anumber of mutants
called acd (accelerated cell death), Isd (Iesion stimulating disease resistance), and
cpr (constitutive expresser of PR genes) (Greenberg and Ausubel, 1993; Dietrich
et al., 1994; Greenberg et al., 1994; Weymann et al., 1995; Bowling et al., 1997).
The expression of lesions in these mutants, generally designated as disease lesion
mimics, can be developmentally programmed and is often affected by the environ-
ment or genetic background of the plant (Johal et al., 1995; Dangl et al., 1996). In
some cases, lesion mimic mutants exhibit SAR and show high, constitutive levels
of PR gene expression. Recently, some recessive lesion mimic genes have been
cloned from three plant species: Arabidopsis, barley, and maize (Biischges et al.,
1997; Dietrich et al., 1997; Gray et al., 1997; Hu et al., 1998). For example, the
LSD1 gene of Arabidopsis, which encodes a zinc finger protein, may negatively
regulate cell death (Dietrich et al., 1997). Likewise, the Mlo gene of barley appears
to encode a membrane protein whose function may be to negatively regulate both
cell death and the disease resistance response (Biischges et al., 1997). The maize
Lls1 gene inhibits cell death, although apparently by degrading a phenolic medi-
ator of cell death (Gray et al., 1997). Also, several recent studies have revealed
that genetic disruption of biosynthesis pathway of tetrapyrroles (chlorophylls and
heme) causes lesion formation that can lead to the induction of a set of defense re-
sponse including activation of SAR (Hu et al., 1998; Molina et al., 1999; Ishikawa
et al., 2001). Tetrapyrrole biosynthesis is highly regulated, in part to avoid the
accumulation of intermediates that can be photoactively oxidized, leading to the
generation of ROI and subsequent photosensitized damages. In this case, a light-
sensitive ROI cascade mediated by the accumulated tetrapyrrole intermediate can
apparently mimic the oxidative burst seen in plant defense response.

5.2.4 Lessons Learnt from Transgenes Which can Activate
HR-Like Symptoms

Spontaneous formation of HR-like lesions in the absence of a pathogen has also
been reported in a number of transgenic plants that express foreign or modified
transgenes. Several transgenes that can activate or affect different components
of a signal transduction pathway involved in pathogen recognition or defense
response activation have been reported (reviewed in Dangl et al., 1996; Mittler and
Rizhsky, 2000). Moreover, activation of HR-like cell death by transgene expression
is viewed as important evidence for the existence of PCD pathways in plants.
The induction of proton and ion flux across the plasma membrane during plant-
pathogen interaction was found to be one of the primary events that occurs during
activation of the HR and other defense mechanisms. However, the genes encod-
ing the channels that mediate ion fluxes in vivo have not been identified, and no
direct molecular evidence currently exists for the involvement of ion fluxes in the
induction of the HR. We have previously shown that expression of the gene en-
coding the bacterial proton pump bacterio-opsin (bO) in transgenic tobacco and
potato plants resulted in the induction of multiple defense mechanisms with a
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heightened state of resistance against pathogen attack (Mittler et al., 1995; Abad
etal., 1997). In the absence of a pathogen, bO-expressing plants developed lesions
similar to HR lesion, accumulated PR protein, and synthesized SA. Furthermore,
our recent study using different mutant forms of bO provided direct molecular
evidence that passive leakage of protons through the bO proton channel is likely
the cause of the lesion mimic phenotype in transgenic tobacco plants (Pontier
et al., 2002). The activation of defense mechanisms by bO expression supports
a working hypothesis that enhancing the proton flux across the plasma mem-
brane may mimic the presence of a pathogen, similar to the situation that oc-
curs in a number of disease lesion mutants (Dangl et al., 1996, Mittler and Lam,
1996).

Ca* signal is also essential for the activation of plant defense responses, but
downstream components of the signaling pathway are still poorly understood.
Calmodulin (CaM) is known to be a universal Ca>*-binding signal mediator in eu-
karyotes. Specific CaM isoforms of soybean, SCaM-4 and SCaM-5, are activated
by infection or pathogen-derived elicitors, whereas other SCaM genes encoding
highly conserved CaM isoforms did not show such response (Heo et al., 1999).
Constitutive expression of either isoforms in tobacco resulted in spontaneous le-
sion formation, constitutive PR gene expression and enhanced resistance against
virulent oomycete, bacterial and viral pathogens. Surprisingly, in contrast to SA-
dependent activation of these pathogen-induced markers in wild-type tobacco,
their lesion formation and PR gene activation in these transgenic tobacco plants
did not require SA, suggesting that specific CaM isoforms are components of an
SA-independent signal transduction pathway leading to disease resistance (Heo
et al., 1999) (see also Section 5.3.1).

GTP-binding proteins (G-proteins) act as molecular signal transducers whose
active or inactive states depend on the binding of GTP or GDP, respectively, in the
regulation of a range of cellular processes-including growth, differentiation, and
intracellular trafficking. In animals and fungi, cholera toxin (CTX) can activate
signaling pathways dependent on heterotrimeric G-proteins. Transgenic tobacco
expressing a gene encoding the A1 subunit of cholera toxin (CTX) showed greatly
reduced susceptibility to the bacterial pathogen Pseudomonas syringae pv tabaci,
accumulated high levels of salicylic acid (SA) and constitutively expressed PR
genes, suggesting that CTX-sensitive G-proteins are important in inducing the
SAR (Beffa et al., 1995). Furthermore, expression of rgpl, a gene encoding a
Ras-related small G-protein, in transgenic tobacco was shown to increase resis-
tance to TMV infection through SAR activation pathway (Sano and Ohashi, 1995).
Shimamoto and coworkers recently reported that expression of a constitutively ac-
tive derivative of monometric G-protein Rac of rice (OsRacl) activated ROS pro-
duction and phytoalexin levels, developed symptoms of HR-like lesion, increased
resistance against virulent fungal and bacterial pathogens, and activated cell death
with biochemical and morphological features similar to apoptosis in mammalian
cells (Kawasaki et al., 1999; Ono et al., 2001). Conversely, a dominant-negative
OsRacl was shown to suppress elicitor stimulated ROI production and pathogen-
induced cell death in transgenic rice.
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Expression of some metabolism-perturbing transgenes in plants is thought to
result in the alteration of cellular homeostasis and the generation of a signal that ac-
tivates the PCD signaling pathways (Dangl et al., 1996; Mittler and Rizhsky, 2000).
For example, tobacco plants expressing yeast-derived vacuolar and apoplastic
invertases develop spontaneous necrotic lesions similar to the HR caused by avir-
ulent pathogens; uncontrolled expression of these genes can drastically alter the
metabolic balance of cells due to changes in hexose transport or metabolism
(Herbers et al., 1996). In animal systems, many perturbations in cellular
metabolism were shown to activate an apoptosis-signaling pathway (Bratton and
Cohen, 2001). Since infection of plants with avirulent pathogens such as bacteria
and viruses is likely to cause general alterations in the metabolic balance of cells
(Dangl et al., 1996; Mittler and Lam, 1996), mutation of general housekeeping
genes involved in plant cell metabolism can result in PCD in some cases, but not
in others.

5.3 Current Mechanistic Understanding of the Response

5.3.1 Recent Studies Related to Calcium and its Homeostasis
as Signal for HR

Transient influx of Ca®* constitutes an early event in the signaling cascades that
trigger plant defense responses. Since Ca’* signaling is usually mediated by Ca’*-
binding proteins such as calmodulin (CaM), identification and characterization of
CaM-binding proteins elicited by pathogens could provide insights into the mech-
anism through which Ca’* regulates defense responses including the HR. Very
recently, an interaction between CaM and Mlo proteins was found by screening a
rice cDNA expression library in Escherichia coli with the use of soybean CaM1
conjugated to horseradish peroxidase as a probe (Kim et al, 2002a). Rice Mlo
homologue (OsMlo) has a molecular mass of 62 kDa and shares 65% sequence
identity and predicted topology with barley Mlo, a seven-transmembrane-helix
protein known to function as a negative regulator of broad spectrum disease re-
sistance and plant cell death (Biischges et al., 1997). These research groups also
showed that barley Mlo can bind CaM (HvCaM3) using the above in vitro assays,
and in vivo expression assays using both the yeast split-ubiquitin technique and
transient expression system in barley epidermal cells by biolistic methods (Kim
et al., 2002b). The significance of barley Mlo-CaM interaction in vivo in pathogen
defense was also shown by transient expression assays in which Mlo activity is
shown to depend on its specific binding to CaM. Likewise, gene suppression of
HvCaM3 by RNA interferance (RNAi) in an Mlo background quantitatively low-
ered the susceptibility seen in Mlo wild-type leaves, which is consistent with an
enhancing function for CaM in Mlo-mediated defense suppression. Resistance
suppression by CaM3 required the presence of wild-type MLO because its expres-
sion in the mutant mlo background did not influence the resistant phenotype (Kim
et al., 2002b). Taken together, these results provide strong evidence that CaM has



5.3 Current Mechanistic Understanding of the Response 97

an activator role for Mlo-mediated defense suppression and places CaM activity
upstream of, or coincident with, the action of Mlo. However, the precise connec-
tion between a change in cellular Ca?* concentrations and this novel interaction
between CaM and Mlo for HR regulation remains to be defined.

5.3.2 Transcriptional Mediators and Lipid Metabolism
that are Involved in HR Activation

In animal cells, PCD is controlled through the expression of a number of conserved
genes. Some gene products activate PCD, such as caspases, whereas others are
inhibitors, such as some members of the Bcl-2 family. In addition to their role in
cell-cycle regulation, recent studies have suggested a new role for MYB proteins
as regulators of cell survival and/or cell death through the regulation of a new
MYB target gene, Bcl-2 (Frampton et al., 1996; Solomoni et al., 1997). A MYB
gene from tobacco is induced in response to TMV activated HR and it can bind
to a consensus MYB recognition sequence found in the promoter for the PR-1a
gene (Yang and Klessig, 1996). Furthermore, Daniel et al., (1999) have shown that
expression of Arabidopsis MYB30 is closely associated with the initiation of cell
death. This gene is thought to be a strong candidate for a component of a regulatory
network controlling the establishment of cell death.

Genetic approaches in Arabidopsis have been used to identify signaling com-
ponents involved in HR control. Recent findings have strongly suggested that
specific regulation of lipid metabolism may closely associate with HR activation
(Falk et al., 1999; Jirage et al., 1999; Brodersen et al., 2002). The EDS1 gene was
cloned by transposon tagging and found to encode a protein that has similarity in its
animo-terminal portion to the catalytic site of eukaryotic lipases (Falk et al., 1999).
The PAD4 gene was cloned by map-based positional cloning and found to encode
another member of the L-lipase class of plant proteins that include EDS1 (Jirage
et al., 1999). EDS1 and PAD4 were shown to be required for SA accumulation
upon avirulent pathogen and their mRNA levels are upregulated by applications of
SA, although EDS1 and PAD4 function upstream of SA accumulation. It should
be noted that EDS1 appears to be involved in signaling pathway for specific types
of TIR-NBS-LRR resistance genes (Liu et al., 2002; Peart et al., 2002). The re-
cessive acdll Arabidopsis mutant exhibits characteristics of animal apoptosis and
defense-related responses that accompany the HR (Brodersen et al., 2002). The
acdl I phenotype is SA dependent, as acd! I is rescued by NahG gene, and applica-
tion of BTH to acdl 1/nahG restores cell death. This SA-mediated death pathway
requires both functional PAD4 and EDSI1, as the acdl 1 phenotype is suppressed
by the pad4-2 and edsi-2 mutations. Molecular cloning, complementation, and
biochemical analyses revealed that ACD11 encodes a homolog of mammalian
glycolipid transfer protein and has sphingosine transfer activity (Brodersen et al.,
2002). Furthermore, it was shown that a putative lipid transfer protein (DIR1) is in-
volved in SAR signaling in Arabidopsis (Maldonado et al., 2002). Lipid molecules
such as jasmonic acid, phosphatidic acid and N-acylethanolamines are synthesized
or released from membranes upon pathogen or insect attack. Some act as second
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messengers in plant defence signaling (Wasternack and Parthier, 1997; Chapman,
2000; Munnik, 2001). A role for DIR1 and ACDI11 in disease resistance signal-
ing would be consistent with the observation that some mammalian lipid trans-
fer proteins act as lipid sensors or are involved in phospholipase-C-linked signal
transduction (Wirtz, 1997). Therefore, these molecular genetic studies using Ara-
bidopsis mutants implicate the involvement of a lipid derived signal component
for HR and SAR signaling and, ACD11 and DIR1 could act as a translocator for
release of the mobile signal into the vascular system and/or chaperone the signal
through the plant.

5.3.3 Reactive Oxygen Species Generation and Cellular
Energy Status as a Rheostat

Many studies document the detection of O, and/or its dismutation product, H,O,,
during the HR (Lamb and Dixon, 1997). Arabidopsis Isd1 mutants exhibit impaired
control of cell death in the absence of a pathogen and could not control the spread
of cell death once it was initiated (Dietrich et al., 1994). Jabs et al. (1996) showed
that treatment with superoxide, but not H,O,, triggers cell death in Isd] mutants.
DPI, an inhibitor of neutrophil NADPH oxidase, reduced cell death in the Isd/
genetic background. This suggests that superoxide is necessary and sufficient to
propagate lesion formation in an Isd/ background, accumulating before the onset
of cell death and subsequently in live cells adjacent to spreading Isd/ lesions.
LSD1 encodes a zinc finger protein with homology to mammalian GATA-type
transcription factors and it may function either to suppress a pro-death pathway
component or to activate a repressor of plant cell death (Dietrich et al., 1997).
One source generating ROI in plants is thought to be produced by enzymatic
machinery similar to the mammalian respiratory burst NADPH oxidase complex
(Doke, 1985; Lamb and Dixon, 1997). Recently, homologues of gp91ph°" (res-
piratory burst oxidase homologue [rboh]), which is a plasma membrane local-
ized component of neutrophil NADPH oxidase, was isolated from rice (Groom
et al., 1996), Arabidopsis (Keller et al., 1998; Torres et al., 1998), and tomato
(Amicucci et al., 1999). They can encode a protein of about 105 kDa in size, with
a C-terminal region that shows pronounced similarity to the 69 kDa apoprotein of
the gp91P"*and a large hydrophobic N-terminal domain that is not present in mam-
malian gp91P"°X, This domain contains two Ca’*-binding EF hand motifs and has
extended similarity to the human Ran GTPase-activating proteins. A recent mutant
study provides strong genetic evidence that Arabidopsis rbohD and rbohF are re-
quired for accumulation of ROIs in the plant defense response (Torres et al., 2002).
The AtrbohD gene is required for most of the ROI observed after inoculation with
avirulent bacteria, whereas AtrbohF apparently has a limited contribution. In con-
trast, the atrboh mutants exhibit enhanced HR and less sporangiophore formation
in response to the weakly avirulent fungi, Peronospora parasitica. Interestingly, al-
though atrbohF exhibits minor suppression of ROI production, it exhibits strongly
enhanced cell death phenotype. A double mutant combination of the two Atrboh
genes dramatically suppresses the oxidative burst triggered by bacterial and fungal
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pathogens (Torres et al., 2002). Using a novel activity gel assay, Sagi and Fluhr
(2001) also confirmed that a putative plant plasma membrane NADPH oxidase
can produce O, . These studies show that pathways for ROI generation and their
involvement in the HR can be quite complex.

5.3.4 Mechanism for Cell Death Activation

Identities of the key executioners in HR cell death remain elusive, whereas in
animal systems a large number of caspases and their regulators have been defined
in the past decade (Aravind et al., 1999). Caspase-like protease activity has been
observed to be transiently activated in plants synchronized to undergo the HR (del
Pozo and Lam, 1998). Peptide inhibitors of caspases can abolish HR cell death of
tobacco induced by avirulent bacteria without affecting the induction of defense-
related genes significantly. On the other hand, induction of proteolytic activity that
may be relevant to cell death during the HR has also been studied in the cowpea
rust fungus/cowpea pathosystem using a bovine poly(ADP-ribose) polymerase
(PARP) as substrate (D’Silva et al., 1998). PARP is a well-characterized substrate
for caspase-3 and was found to be endoproteolytically cleaved when added to
extracts prepared from fungus-infected cowpea plants that were developing a HR,
while no PARP cleaving activity could be detected in the presence of extracts from
cowpea plants that were undergoing a susceptible interaction. The cleavage of
PARP observed in this study could be partially suppressed using caspase inhibitors.
Moreover, it was clearly shown that tetrapeptide caspase inhibitors can block or
significantly diminish plant cell death associated with compatible plant-bacteria
interactions which are activating an HR as part of pathogenesis and, in all cases
when death is limited, bacterial multiplication is concomitantly reduced (Richael
etal.,2001). These studies provide support for a caspase-like protease(s) in plants,
the activity of which is correlated with the induction of HR cell death.

Using iterative database searches, Uren et al. (2000) identified potential rela-
tives of caspases in the Arabidopsis genome, which they termed metacaspases.
Their homology to mammalian caspases is not restricted to the primary sequence,
including the catalytic diad of histidine and cysteine, but extends to the secondary
structure as well. The plant metacaspases can be divided into two subclasses based
on the sequence similarity within their caspase-like regions and their overall pre-
dicted domain structure. Type I plant metacaspases contain a predicted N-terminal
prodomain which consists of a proline-rich region and a zinc finger motif that is
also found in LSDI1, a negative regulator of HR cell death (Dietrich et al., 1997).
Type II plant metacaspases possess no obvious prodomain but have a conserved
insertion of approximately 180 amino acids between the regions corresponding to
the p20 and p10 subunits of activated caspases (reviewed in Lam and del Pozo,
2000). However, it remains unclear whether plant metacaspases are functionally
equivalent to classical caspases in terms of their target specificities as well as their
involvement in controlling the activation of cell death. Recently, a caspase-like pro-
tein has been identified in the budding yeast Saccharomyces cerevisiae (Yor197W)
and is implicated in cell death induced by H,0O,, acetic acid and ageing (Madeo
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et al., 2002). Yeast caspase-1 (YCAL1) is a member of the metacaspase family and
like Type I plant metacaspases, it also has a proline-rich domain at its N-terminus.
Overexpression of YCAT1 enhances apoptosis-like death of yeast upon addition of
H,0; or acetic acid, whereas targeted ablation of YCA-1 dramatically improves
survival. YCA1 protein also seems to undergo proteolytic processing in a man-
ner that is dependent on its active-site cysteine, which is similar to mammalian
caspases (Madeo et al., 2002). However, many features of the yeast metacaspase
YCAI remain to be clarified. These include direct demonstration of its protease
activity, identification of its substrate specificity, and elucidation of its endogenous
targets and regulators. It would be interesting to investigate whether plant meta-
caspases are functionally equivalent to YCA1 using the yeast ycal mutant (Madeo
et al., 2002) as well as to define their possible roles in HR cell death using reverse
genetic approaches.

In animal cells, mitochondria-mediated PCD acts through the proapoptotic Bax
and its related proteins that associate with the outer mitochondrial membrane and
can oligomerize to form an ion-conducting channel through which macromolecules
and other metabolites can pass. This activity can be blocked by the anti-apoptotic
proteins Bcl-2 and Bcl-X; which play crucial functions to control PCD activation
or suppression (Lam et al., 1999b; Martinou and Green, 2001). Recent compara-
tive genomics revealed that no obvious homologue of mammalian Bcl-2 related
proteins exists in Arabidopsis. Nonetheless, overexpression of human Bcl-2, ne-
matode CED-9, or baculovirus Op-IAP transgenes can confer resistance to several
necrotrophic fungal pathogens and a necrogenic virus in tobacco plants (Dickman
et al., 2001). Likewise, in transgenic tobacco plants overexpressing Bcl-X , delay
of HR cell death as well as UV-induced PCD, has been reported (Mitsuhara et al.,
1999). Expression of Bax using a TMV vector triggers cell death in tobacco leaf
cells in an N gene-independent manner (Lacomme and Santa Cruz, 1999). Bax
also confers a lethal phenotype when expressed in yeast with typical hallmarks of
Bax-induced PCD in animal cells despite the apparent absence of classical caspases
or Bcl-2-related proteins in yeast. Thus, the expression of pro- and anti-apoptotic
proteins in these heterologous systems has similar effects to those observed in ani-
mal cells. This is consistent with the speculation that a conserved cellular pathway
for cell death control may exist in eukaryotes. It is possible that the metacaspase
YCA-1 may mediate Bax-induced cell death in yeast. This can now be tested with
the ycal strain (Madeo et al., 2002).

Two groups have used yeast to isolate suppressors of Bax-induced cell death
(Greenhalf et al., 1999; Xu and Reed, 1998). One of these suppressors, Bax
inhibitor-1 (BI-1), prevents cell death in yeast and animal cells, suggesting that
BI-1 could be a distinct class of PCD regulator for pathways activated by Bax ex-
pression. Homologues of BI-1 isolated from Arabidopsis and from rice have also
been shown to suppress Bax-induced PCD in yeast (Kawai et al., 1999; Sanchez
et al., 2000). These BI-1 proteins contain six potential transmembrane helices and
it has been proposed that they may form ion-conducting channels or modify the
activity of existing channels formed by Bax. Expression of A¢BI-1 was rapidly up-
regulated in plants during wounding or pathogen challenge. A¢BI-1 up-regulation
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appears to be R-gene independent and is not remarkably affected by mutations
required for specific classes of R gene, suggesting a ubiquitous role in responses
for biotic and abiotic stresses (Sanchez et al., 2000). On the other hand, Kawai-
Yamada et al. (2001) demonstrated that AtBI-1 overexpression could rescue trans-
genic plants expressing Bax gene from lethality, while Bax caused potent PCD
symptoms, including leaf chlorosis, cytoplasmic shrinkage, and DNA laddering.
Although this finding provides direct genetic evidence that Bax-induced cell death
can be down-regulated by overexpression of AtBI-1 protein in planta, it remains
unclear how AtBI-1 suppresses the activity of Bax, given that no obvious Bcl-2
family members have been found in yeast and plants. Surprisingly, it was recently
reported by the same research group that AtBI-1 did not block Bax-induced cell
death, but instead triggered apoptotic cell death in certain mammalian cultured
cells (Yu et al., 2002). The unexpected apoptotic effect of AtBI-1 was shown to
be blocked by the caspase inhibitor XIAP and antiapoptic protein Bcl-Xy, sug-
gesting that the cell death caused by AtBI-1 is similar to that caused by Bax and
that AtBI-1 caused apoptosis in this case through a caspase-dependent pathway. Yu
etal. (2002) speculated that plant BI-1 may competitively interact with endogenous
mammalian BI-1 or with a BI-1 target protein in certain cell types, thus interfering
with its function and thereby triggering cell death.

5.4 Future Perspectives

The past few years have seen a steady increase in our knowledge of HR cell death
in plants. In spite of all the information described above, research in the past years
have added very little to our sparse knowledge of the actual control mechanism
for HR cell death in clear molecular terms. In particular, no relative of any classi-
cal metazoan regulator of apoptosis (for example, Ced-3/caspases, Ced-4/ Apaf-1,
Ced-9/Bcl-2) has been defined structurally and genetically so far. The apparent
absence of caspases, which are considered to be the major executors of cell death
in metazoans, has been a strong argument against a mechanistic and functional
conservation of PCD between plants and animals (Lam et al., 2001). Plant ge-
nomic studies have produced large quantities of sequence information that await
functional analysis. In particular, metacaspases and BI-1 related proteins could be
likely candidates for plant cell death regulators at the present time. Arabidopsis
contains at least nine possible metacaspase-encoding genes, one BI-1 homologue
and two other BI-1-related homologues: AtBI-2 and AtBI-3. Furthermore, Ara-
bidopsis contains a new gene family discovered by homology searches that we
designated as ABRs (for AtBI-2 related proteins) (Lam et al., 2001). This gene
family contains twelve putative genes that encode proteins with five or six predicted
membrane-spanning helices, although most of the predicted amino acid sequences
are unique for this family. Deployment of reverse genetic approaches such as
PTGS/RNAI strategies (Wang and Waterhouse, 2001) and knockout screens using
T-DNA or transposon insertion collections (Bouche and Bouchez, 2001), cou-
pled with informatic approaches should help to speed up the first essential step of
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identifying the important players involved in plant cell death activation. This ap-
proach would be complementary to forward genetic approaches that are revealing
new regulators which may not have counterparts in other organisms. As a second
step for studying the physiological function of these regulators, development of
other functional genomic tools, such as global transcriptome profiling by DNA
microarrays and proteome analyses, would be of importance if we are to take full
benefit of resources generated from the rapidly developing model plant systems
such as Arabidopsis and rice.
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The Possible Role of PR Proteins in
Multigenic and Induced Systemic
Resistance

SADIK TUZUN AND ARAVIND SOMANCHI

6.1 Introduction

There have been many studies dealing with PR proteins since their first discovery
during analyses of the protein composition of tobacco mosaic virus (TMV)-induced
hypersensitivity response in tobacco (Van Loon and Van Kammen, 1970) over
30 years ago. The amino acid composition of these proteins was quite variable,
showing some of the proteins to be acidic and others to be basic, it was suggested
that they may play an important role in the fate of pathogenesis (Kassanis et al.,
1974; Van Loon, 1975). Fungi and bacteria were also discovered to induce similar
new protein components in various plant species, particularly during incompatible
combinations resulting in hypersensitive necrosis (Redolfi, 1983). Analyses of
several of these showed a pattern of host responses in that they apparently consisted
of one or more families of host-coded proteins, which were induced by different
types of pathogens and abiotic stresses, and were most often of relatively low
molecular weight, preferentially extracted at low pH, highly resistant to proteolytic
degradation, and localized predominantly in the intercellular space of the leaf.
These proteins coded for by the host plant but induced only in pathological or
related situations have been termed pathogenesis-related (PR) proteins. While
constitutively expressed proteins that show increases upon pathogen infection,
such as oxidative and enzymes of aromatic biosynthesis are generally excluded,
specific isoforms of such enzymes that are induced only as a result of infection
have been grouped with PR proteins.

In this chapter, we will present evidences that timely accumulation of PR proteins
during pathogenesis is a part of defense mechanisms in plants against pathogens
and pests. Some of these proteins may have different roles in plant metabolism
and/or may just be produced as a part of more generalized “housekeeping” regula-
tory systems during a plant—pathogen interaction. Specific isozymes of hydrolytic
enzymes, on the other hand, demonstrate differential activity toward the substrate
during the release of elicitor molecules from the pathogens. These isozymes may
have evolved as a part of a suite of defense mechanisms in “naturally resistant”
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plants, or plants considered to have higher basal resistance. Isozyme-based higher
basal resistance may come about via the sensitization of plants to a particular
pathogen, via the isozyme-mediated production of pathogen-derived nonspecific
or specific elicitors that initiate the whole battery of defense mechanisms. It is im-
portant to recognize that plant defense mechanisms are complex and that more than
one factor is involved in the successful existence of a plant species over the centuries
in the face of abundant pathogen pressures. Pathogenesis can be considered the
result of the failure of the plant’s many and redundant defense-related mechanisms
to activate in a timely manner to prevent or sharply contain pathogen infection.

6.2 Classification of PR Proteins

On the basis of their properties, the tobacco PR proteins were initially grouped
into five families, and this classification is used in other plant species in which
PR proteins are identified. The families are numbered and the different members
within each family are assigned letters according to the order in which they are
described. Thus the same designation for a PR protein in different plant species in-
dicates that they belong to the same PR-family, but only reflects how many proteins
of that family had been identified within those plant species. The genes encod-
ing these proteins are designated as ypr followed by the suffix that corresponds
to the protein. Because PR proteins are generally defined by their occurrence as
protein bands on gels, gene and cDNA sequences cannot be fitted into the adopted
nomenclature. Conversely, homologies at the nucleotide sequence level may be en-
countered without information on the expression or characteristics of the encoded
protein. This leads to a complexity in comparative analysis of PR proteins from
different species. Also, when new genes induced by pathogens or specific elicitors
are identified they may be added to the existing families. Thionins (Bohlmann,
1994) and defensins (Broekaert et al., 1995), both families of small, basic, cys-
teine rich polypeptides were subsequently added to the families of PR proteins,
based on this criterion. The identification of several such proteins with disparate
properties necessitated the expansion of the classification, and addition of families.
The nomenclature currently in use was proposed in 1994, and groups PR proteins
into the 17 plant-wide families depicted in Table 6.1, on the basis of sequence
homology and similarities in enzymatic and biological activities (Van Loon et al.,
2002).

Localization of majority of the PR proteins in the intercellular spaces of leaves
seems to guarantee contact with the invading pathogen before penetration. How-
ever, in vitro and in vivo analyses failed to show anti-pathogenic activity in any
of the PR proteins associated with systemically induced resistance by a few Pseu-
domonas species (Van Loon, 1997), suggesting that they may not play a major role
in defense in some systems (Pieterse et al., 1996). Accumulation of PR proteins to
similar amounts in compatible as well as incompatible host interactions (Hoffland
et al., 1995) suggests that PR proteins do not determine the resistance response in
this particular host-pathogen interaction. However, constitutive accumulation of
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TABLE 6.1. Recognized families of pathogenesis-related proteins.

Family = Type member Properties Reference
PR-1 Tobacco PR-1a Antifungal Antoniw et al. (1980)
PR-2 Tobacco PR-2 3-1,3-glucanase Antoniw et al. (1980)
PR-3 Tobacco P, Q chitinase type LII, IV,V,VL,VII Van Loon (1982)
PR-4 Tobacco ‘R’ chitinase type LII Van Loon (1982)
PR-5 Tobacco S thaumatin-like Van Loon (1982)
PR-6 Tomato Inhibitor I proteinase-inhibitor Green and Ryan (1972)
PR-7 Tomato P69 Endoproteinase Vera and Conejero (1988)
PR-8 Cucumber chitinase chitinase type III Métraux et al. (1988)
PR-9 Tobacco Peroxidase Lagrimini et al. (1987)
‘lignin-forming
peroxidase’
PR-10 Parsley ‘PR1’ ‘ribonuclease-like’ Somssich et al. (1986)
PR-11 Tobacco ‘class V’ chitinase, type I Melchers et al. (1994)
chitinase
PR-12 Radish Rs-AFP3 Defensin Terras et al. (1992)
PR-13 Arabidopsis THI2.1 Thionin Epple et al. (1995)
PR-14 Barley LTP4 lipid-transfer protein Garcia-Olmedo et al. (1995)
PR-15 Barley OxOa oxalate oxidase Zhang et al. (1995)
(germin)
PR-16 Barley OxOLP oxalate oxidase-like Wei et al. (1998)
PR-17 Tobacco PRp27 Unknown Okushima et al. (2000)

low levels of hydrolytic enzymes in disease resistant varieties, as discussed below,
may indicate a major role in defense against specific pathogens at least for this
group of PR proteins (Lawrence et al., 2000).

Elucidation of the biochemical properties of the major pathogen-inducible PR
proteins of tobacco and subsequent cloning of their genes revealed that many pro-
teins with similarities to the classical PR proteins are present even in healthy plants
(van Loon and van Strien, 1999). The term “PR-like proteins” was proposed to
accommodate such protein homologues of PR proteins induced principally in a
developmentally controlled, tissue specific manner. Sequence analyses and devel-
opment of easily accessible database search tools in recent years have resulted
in the identification of several proteins with sequence homology to established
PR proteins and PR-like proteins (van Loon and van Strien, 1999). Though their
inducibility and stress responses have not yet been established, they have been
classified as PR and PR-like proteins based on their similarity. In contrast to the
classical PR proteins, which are both intracellular and extracellular proteins, the
PR-like proteins are mostly intracellular and localized to the vacuole (Linthorst
et al., 1991), possessing enzymatic activities similar to the homologous PR pro-
teins, but with different substrate specificities. The similarities in the activities of
PR and PR-like proteins discovered in recent years makes it difficult to maintain
their distinction. Some of these proteins have been shown to respond differently to
different stimuli, and other proteins have shown organ specific regulation (Lotan
et al., 1989; Memelink et al., 1990). The varied locations of the PR and PR-like
proteins, and their differential induction by endogenous and exogenous signaling
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compounds (Memelink et al., 1990) suggests that these proteins may have impor-
tant functions extending beyond their apparently limited role in plant defense.

6.3 PR Proteins in Multigenic and Induced Systemic
Resistance

Multigenic resistance, also known as “horizontal”, “quantitative”, or “polygenic”
resistance, refers to plant disease resistance generated via interactions between the
products of multiple plant genes, not a single R gene (Nelson, 1978; Simmonds,
1991). Multigenic resistance is considered to be nonspecific in that the plant and
pathogen do not require matching R and avr genes for a timely plant defense
response to occur. Multigenic-resistant plants which have been bred to resist a
specific pathogen tend to resist a greater variety of pathogens and pathogen races
than those bred or engineered to express particular R genes (Simmonds, 1991) and
physical interaction of molecules present in the pathogens and their host receptors
(Tang et al., 1996) lacks in this particular type of broad resistance.

Another category of disease resistance depends upon the induction of defenses
following exposure to organisms or compounds. A variety of organisms, including
virulent and avirulent pathogens (Tuzun et al., 1986, 1992, Tuzun and Ku¢, 1991),
mycorrhizal fungi (Borowicz, 1997) and nonpathogenic rhizobacteria (Tuzun and
Kloepper, 1995; Benhamou et al., 1998) have all been observed to activate plant
defense responses. Abiotic inducing agents include compounds isolated from plant
pathogens (Wei and Beer, 1996; Norman et al., 1999) and a variety of chemicals
(Fought and Ku¢, 1996, Benhamou and Belanger, 1998). This general phenomenon
is known as induced systemic resistance (ISR) (a term originally synonymous
with systemic acquired resistance, or SAR) and generally results in a nonspecific
resistance against a broad spectrum of pathogens and pests (Karban and Ku¢, 1999).
The extent of protection has sometimes been observed to vary (e.g., Manhandhar
etal., 1999; Tonet al., 1999), and may depend upon the genotype and physiological
condition of the plant, as well as the nature of the inducing agent used.

PR proteins may be induced in various tissues in response to a variety of stresses
or stress-related plant hormones, including ethylene, osmotic stress, wounding,
drought, high salt, and absicic acid (Horvath et al., 1998; Ponstein et al., 1994; Xu
etal., 1994). The various conditions under which PR proteins occur are reminiscent
of the conditions under which general stress response factors such as heat shock
proteins are induced. However, PR proteins are not expressed or induced to any
detectable levels in response to heat shock, suggesting that these proteins do not
act as generic stress response factors. This suggests that the PR proteins may play
roles that are more specific than those of general stress response factors.

In the remainder of this article, we intend to review evidence concerning the
nature of multigenic and induced plant defense responses in terms of PR protein
induction. The induction patterns and possible functions of specific genes, those
encoding hydrolase isozymes in particular, related to these forms of resistance in
several plant—pathogen systems will be discussed. A wide variety of enzymes have
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been associated with disease resistance, only a few of which will be discussed in
this article. For a more comprehensive review, see Van Loon and Van Strien (1999).
For a review of PR proteins identified in cereals, see Muthukrishnan et al. (2001).

6.3.1 Hydrolytic Enzymes: Chitinases and (3-1,3-glucanases

Families of PR proteins including hydrolytic enzymes include PR-2 (f3-1,3-
endoglucanases, Kauffman et al., 1987), PR-7 (endoproteinase, Vera and
Conejoero, 1988) and the PR-3,-4,-8 and -11 families (chitinases, Legrand et al.,
1987; Ponstein et al., 1994; Metraux et al., 1989; Melchers et al., 1994). The pro-
duction of hydrolytic enzymes alone may not be sufficient for the protection of
all plants from disease (e.g., Dalisay and Ku¢, 1995 a,b). However, this does not
mean that hydrolase isozymes are not involved in disease resistance, or that they
do not play an important role in resistance to some pathogens. Hydrolytic enzymes
may have a dual function in disease resistance: some isozymes will have direct
antimicrobial effects against an invading pathogen. These isozymes, and/or oth-
ers, may also accelerate and amplify the disease resistance process by generating
hypersensitive response elicitors upon encountering a pathogen. Unfortunately, a
great deal of the work regarding the role of specific enzymes in disease resistance
fails to distinguish between the different isozymes that are present. Significant
changes in the expression of a particular isozyme may go undetected.

Chitinases catalyze the hydrolysis of chitin, a linear polymer of (3-1,4-linked
N-acetylglucosamine residues that is the predominant constituent of fungal cell
walls, nematode eggs, and mid gut layers of insects. Some plant chitinases also ex-
hibit lysozymal activity (Boller, 1985; Dodson et al., 1993). Three classes of plant
chitinases have been proposed based upon protein primary structure (Shinshi et al.,
1990). The highly variable nature of chitinases, and the multiplicity of chitinase
isozymes in plants, suggest that plant chitinase isozymes may carry out specific
and differing roles. For example, chitinases, glucanases, and other PR proteins
have been found to be induced as a consequence of cold stress and might be in-
volved in resistance of winter wheat to snow mould infections (Gaudet et al., 2000).
A Lubinus albus chitinase accumulates in response to salicylic acid, wounding,
infection, and UV-C light (Regalado et al., 2000); and tobacco chitinases, glu-
canases and thaumatin-like proteins increased in response to UV-B light (Fujibe
et al., 2004). Pre-treatment of tomato fruit with methyl jasmonate or methyl sal-
icylate induces the synthesis of a variety of stress proteins, including chitinase
and 3-1,3-glucanase PR proteins, and subsequently increases the resistance of the
fruit to chilling injury and infection by pathogens (Ding et al., 2002). Expression
studies of various Pinus chitinase homologues showed the induction of multiple
chitinase homologues after challenge by a necrotrophic pathogen (Davis et al.,
2002), suggesting that different homologues may serve different functions in the
plant. Some chitinase isozymes have antifungal activity while others do not, and
the activity of antifungal chitinase isozymes isolated from tobacco (Sela-Buurlage
et al., 1993) and tomato (Lawrence et al., 1996) has been found to be specific for
certain pathogens.
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Many plant pathogenic fungi contain [3-1,3-glucans in their cell walls in addi-
tion to chitin. Chitinases and {3-1,3-glucanases purified from tomato (Lawrence
et al., 1996), tobacco (Sela-Buurlage et al., 1993), pea (Mauch et al., 1988) and
the tropical forage plant Stylosanthes guianensis (Brown and Davis, 1992) have
been found to have synergistic antifungal effects in vitro. The in planta antifun-
gal effects of tomato and tobacco chitinases and (3-1,3-glucanases have also been
recorded (Benhamou et al., 1990; Benhamou, 1992), and chitinases and glucanases
coexpressed in transgenic wheat were found to protect plants from infection by
Fusarium graminearum under greenhouse conditions, although this resistance did
not hold under field conditions (Anand et al., 2003). It has been suggested that
the synergistic effects of these enzymes, and the specificity of their effects, may
be attributed to the structure of a particular fungal cell wall. For example, the
chitin layers of some fungal cell walls appear to be buried in 3-glucans, ren-
dering the chitin inaccessible to chitinases unless there is prior hydrolysis with
[3-1,3-glucanases (Benhamou et al., 1990).

Oligosaccharide elicitors of plant defense responses can be generated by chiti-
nases and (3-1,3-glucanases. Soybean (3-1,3-glucanases (Keen and Yoshikawa,
1983; Ham et al., 1991) and specific isozymes of tomato chitinase and (3-1,3-
glucanase (Lawrence et al., 1996, 2000) have been demonstrated to generate elic-
itors from fungal pathogens. Tomato chitinases have also been shown to generate
elicitors from germinating spores of Alternaria solani, but not the mature cell walls
of this pathogen (Lawrence et al., 2000).

The tobacco PR-2 glucanase isozymes vary up to 250-fold in specific activity on
various substrates, suggesting that their normal functions in planta may be quite
diverse (Cote et al., 1991; Hennig et al., 1993). Interestingly, a 3-1,3-glucanase
found to accumulate in cultivars of resistant wheat could be involved in resistance
to the Russian wheat aphid (Lintle et al., 2002). Glucanase and chitinase isozymes
may also govern plant developmental processes not directly related to pathogenesis
or stress resistance. For example, the expression studies of PR-2d in transgenic
tobacco suggest that this protein functions developmentally in seed germination by
weakening the endosperm (Vogeli-Lange et al., 1994). In yeast, a specific chitinase
is secreted into the growth medium that is required for cell separation after division
has taken place (Kuranda and Robbins, 1991), and has homology to a cucumber
PR8 type III chitinase, suggesting that the yeast chitinase has functions in cell
separation as well as defense. Specific chitinase homologues of PR3 and PR4
were found to be necessary for somatic embryogenesis to proceed beyond the
globular stage (De Jong et al., 1992).

6.3.2 Antioxidant Enzymes

Plant cells are protected against damage from active oxygen species generated dur-
ing the hypersensitive response by a complex antioxidant system, including enzy-
matic antioxidants such as superoxide dismutase (SOD), peroxidase, and catalase
(Zhang and Kirkham, 1994). Several species of active oxygen (O;, H,O,, and
OH™) result from the reduction of molecular oxygen, and there are numerous
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possible reactions which allow these species to interconvert (Elstner, 1987; Mader
et al., 1980). Hydrogen peroxide, which has the longest half-life, provides a good
estimate of the relative active oxygen level in the system. There is an opinion
that elicitor- or pathogen-stimulated accumulation of H,O, comes only from
SOD-catalysed dismutation of superoxide radicals (Auh and Murphy, 1995). SOD
and catalase are critical to the immediate level of H,O, since they are involved in
production and utilization of the molecule. The existence of multiple molecular
forms of SOD, peroxidase, catalase, and other related enzymes and the variation
in the activity of these during plant development suggests that each isozyme may
have a separate role (Scandalios, 1993).

Specific peroxidase isoenzymes recognized as PR proteins in tobacco (Stintzi
etal., 1993), that are identical to or homologous with a lignin-forming peroxidase,
have been classified as PR-9. Peroxidases represent another component of an
early response system in plants to pathogen attack (Mader and Fussi, 1982; Mader
etal., 1980). The products of these enzymes, in the presence of a suitable hydrogen
donor and hydrogen peroxide, can have direct antimicrobial and antiviral effects
(Van Loon and Callow, 1983). The extracellular location of peroxidase isozymes
stimulated during pathogen attack (Birecka et al., 1975), and their affinity for sub-
strates involved in lignification, as well as the capacity of peroxidases to form
hydrogen peroxide (Ride, 1975), suggest that peroxidase isozymes may also be
involved in the formation of barrier substances which limit the extent of pathogen
spread. Elicitation of peroxidase activity and lignin biosynthesis was observed in
resistant pepper cell suspension cultures treated with the pathogen Phytophthora
capsici, but not in susceptible cells (Egea et al., 2001). The release of superox-
ide and free radical intermediates during lignin polymerization (Grisebach, 1981)
may be involved in restricting the growth of both fungal and bacterial pathogens
(Klement, 1982; Ride, 1975; Tiburzy and Reisner, 1990). For example, antibacte-
rial components active against Xanthomonas oryzae pv. oryzae were isolated from
rice leaves and found to be lignin precursors (Reimers and Leach, 1991).

6.3.3 Thaumatins and Thaumatin-like Proteins (Osmotins)

The PR-5 family of proteins are referred to as thaumatins or thaumatin-like pro-
teins due to their close or more varying sequence similarity to the intensely sweet
protein thaumatin from Thaumatococcus danielli (Musthurkrishnan et al., 2001).
PR-5 proteins have been shown to inhibit the growth of fungi in vitro, causing leak-
age of cytoplasmic material from ruptured hyphae (Vigers et al., 1991; Niderman
et al., 1995). Two proteins highly induced by Ascochyta rabiei during infection
of chickpea (Cicer arietinum L.) were identified as PR-5a and PR-5b proteins
(Hanselle et al., 2001). An osmotin-like protein (OLP), which is a member of the
thaumatin-like proteins, was purified from the seeds of Benincasa hispida (Shih
et al., 2001). The homology of thaumatin-like PR-5 proteins with a bifunctional
a-amylase/trypsin inhibitor from maize seeds (Richardson et al., 1987) suggests
that these proteins could also play a role in protection against phytophagous
1nsects.
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Further characterization efforts to cloning and studying the expression of gene
encoding osmotins resulted in demonstration that it is highly regulated by ABA
and involved in adaptation to osmotic stress (Singh et al., 1987; 1989). Antifungal
activity of osmotins appeared to be nonspecific against the cell wall from many
fungi, although it is involved in permeabilization of plasma membrane to kill the
cells (Abad et al., 1996). Although osmotins were antifungal to many strains of
fungi, studies conducted using yeast strains with various resistance to this protein
indicated that fungal cell wall proteins, encoded by PIR genes, are determinants
of resistance to antifungal PR-5 proteins (Yun et al., 1997). Resistance to os-
motin in yeast model system appeared to be strongly dependent on the natural
polymorphism of the SSD/ gene where it functions as post-transcriptional regu-
lator of gene expression, cell wall biogenesis, and composition and deposition of
PIR proteins (Ibeas et al., 2001). Deposition of such proteins as the fungal cell
wall constituents that block the action of osmotin against Aspergillus nidulans
requires the activity of G-protein mediated signaling pathway, and A. nidulans
strains mutated to interfere this pathway also demonstrated increased tolerance to
SDS, reduced cell wall porosity and increased chitin content in the cell wall (Coca
et al., 2000). Further studies using yeast indicated that osmotins indeed have cer-
tain target molecules in the cell wall and several cell wall mannoproteins can bind
to immobilized osmotin, suggesting that their polysaccharide constituent deter-
mines osmotin binding, demonstrating a causal relationship between cell surface
phosphomannan and susceptibility of a yeast strain to osmotin (Ibeas et al., 2000).
Overexpression of yeast glycoprotein in a plant pathogenic fungus Fusarium oxys-
porum f. sp. nicotianae, which is susceptible to osmotin, increased resistance to
this antifungal protein and virulence in the fungal pathogen (Narasimhan et al.,
2003), further indicating that osmotin plays a role in overall plant defenses against
fungal pathogens.

6.3.4 Proteinase Inhibitors

The PR-6 proteins have been shown to be protease inhibitors (reviewed by Green
and Ryan, 1972), and include wound-inducible proteinase inhibitors implicated
in resistance to insect attack (Lawton et al., 1993). Proteinase inhibitor genes in
Nicotania glutinosa that are induced in response to wounding as well as infection
by TMV have been identified (Choi et al., 2000). Proteinase inhibitors have been
shown to confer protection against a variety of insect and nematode pests when
expressed in transgenic plants. For example, resistance to the cyst nematode Glo-
bodera tabacum (Urwin et al., 2002) and tobacco budworm (Helothis virescens,
Pulliam et al., 2001) was conferred by proteinase inhibitors expressed in trans-
genic tobacco, and resistance to the potato cyst nematode Globodera pallida was
conferred by a proteinase inhibitor expressed in transgenic potato (Urwin et al.,
2001). Proteinase inhibitor proteins in plants may play roles other than protec-
tion against phytophagous insects and nematodes. Phloem-localized proteinase
inhibitor proteins have been identified in Solanum americanum, which may be
involved in regulating proteolysis in the phloem sieve elements (Xu et al., 2001).
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Proteins induced under conditions of heat and drought stress have been found
to have a putative proteinase inhibitor activity (Satoh et al., 2001), and it may
be possible that PR-6 proteins have protective activity against abiotic stresses
as well.

6.3.5 Ribonucleases

A recombinant white lupin PR-/0a gene expressed in Escherichia coli exhibited
a ribonucleolytic activity against several RNA preparations, including lupin root
total RNA providing the first direct evidence of this enzymatic activity in a PR
protein (Bantignies et al., 2000). Salicylate-inducible PR-10 genes from apple
(Apa) were found to be also induced by wounding, ethephon, and exposure to
virulent and avirulent fungi (Poupard et al., 2003). A PR-10 protein in western
white pine that was associated with acclimation to cold was present in higher
amounts in healthy pine needles than in infected ones, suggesting this protein
may be involved in protecting frost-damaged plant tissues from pathogen attack
(Yu et al., 2000). A similar protein in Douglas fir was found to increase during
overwintering of plants but was not associated with acclimation to cold, and may
accumulate in response to pathogen infection (Ekramoddoulah et al., 2000). A
PR-10 protein was found to be induced in response to ozone and drought stress
in birch, and its induction coincided with the formation of visible necrotic le-
sions and yellowing of leaves (Paakkonen et al., 1998). Ocatin, a member of
the PR-10 family that is found in oca roots (Oxalis tuberosa Mol.) inhibits the
growth of bacteria and fungi in vitro, and is expressed only in the pith and outer
peel of the tuber, indicating a role in protecting tubers from pathogen attack
(Flores et al., 2002). PR-10 genes that accumulate after pathogen attack have
also been found in rice (McGee et al., 2001), sorghum (Lo et al., 1999), and alfalfa
(Borsics and Lados, 2002). High sequence similarity between ribonuclease from
ginseng callus cultures and fungus-elicited PR-proteins in parsley further indicates
that at least some of the intracellular PR-proteins are ribonucleases (Moiseyev
etal., 1994).

6.3.6 Thionins

The PR-13 family consists of thionins, small (5000 Da) sulfur-rich plant pro-
teins that exert toxicity in various biological systems by destroying membranes
(Bohlmann, 1994). They are synthesized as preproteins and secreted into vac-
uoles, protein bodies, and the plant cell wall, and may be subsequently released
upon pathogen infection, and display antifungal and antibacterial activity in vitro
(Bohlmann, 1994; Terras et al., 1995) The expression of thionins in transgenic
plants has been found to protect against pathogenic bacteria in rice (Iwai et al.,
2002) and A. thaliana (Epple et al., 1997), and thionin concentrations in cell walls
have been found to be higher in disease-resistant cultivars of barley and wheat
(Ebrahim-Nesbat et al., 1994). Arabidopsis mutants constitutively expressing the
thionin (cet) gene Thi2.l showed spontaneous formation of necrotic lesions and
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an upregulation in the PR-1 gene, reactions that are associated with a salicylate-
dependent induced systemic resistance response (Nibbe et al., 2002). Nonspecific
resistance to snow moulds and other fungi has been likened to the expression of
y-thionin in winter wheat (Gaudet et al., 2003).

6.4 Patterns of Expression of Chitinases, Glucanases
and Peroxidases in Multigenic Resistant and
Induced Resistant Plants

In this section, the manner in which hydrolytic and antioxidant enzymes are ex-
pressed in plants, which express multigenic resistance and plants in which sys-
temic resistance has been induced, will be compared. Three plant systems (tobacco,
tomato, and cabbage) will be discussed in some detail, while work in other plant
systems will be mentioned briefly at the end.

6.4.1 Tobacco

Resistance to Peronospora tabacina (blue mold) in tobacco is considered to be
due to a few genes acting in an additive fashion (Rufty, 1989). Several breeding
lines, which have been developed by the use of intraspecific hybridization of wild
Nicotania species to N. tabacum by Rufty (1989) were used for studying the role of
preformed hydrolytic enzymes in tobacco. Results from SDS-PAGE and Western
blot analyses consistently revealed the presence of chitinase and (3-1,3-glucanase
isozymes prior to pathogen attack, as well as an earlier induction of isozyme
accumulation following attack, in the resistant lines (Tuzun et al., 1997). En-
zyme activity assays closely correlated with the Western blot analysis (Robertson,
1995).

Induced systemic resistance to Peronospora tabacina (blue mold) occurs natu-
rally under field conditions (i.e., in plants not inoculated by human beings) (Tuzun
et al., 1992). Inoculation of tobacco with Peronospora tabacina spores or tobacco
mosaic virus (TMV) resulted in the induction of systemic resistance against a vari-
ety of pathogens (Mclntyre et al., 1981) and the accumulation of 3-1,3-glucanase
and chitinase isozymes prior to foliar inoculation (Tuzun et al., 1989; Ye et al.,
1990; Pan et al., 1991,1992). Similar results were observed for tobacco inocu-
lated with viruses, PGPR, or various chemical inducers (Maurhofer et al., 1994,
Schneider and Ullrich, 1994; Lusso and Kué, 1995). Increases in lysozyme, peroxi-
dase, polyphenol oxidase, and phenylalanine ammonium lyase activity, correlated
with the induction of ISR, have also been reported (Ye et al., 1990; Schneider
and Ullrich, 1994). Inhibition of fungal pathogen growth was found to precede
host cell necrosis in induced tobacco, and it is thought that this might be due
to the production of defense response elicitors by hydrolytic enzymes (Ye et al.,
1992).

Elevated constitutive expression of an endochitinase gene from Trichoderma
viride in tobacco and potato resulted in significant protection against multiple
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fungal pathogens (Lorito et al., 1998). Reduced levels of anionic peroxidase, how-
ever, did not result in reduced lignification in transgenic tobacco (Lagrimini et al.,
1997).

6.4.2 Tomato

Tomato breeding lines and several plant introductions of Lycopersicon spp. have
already been identified in several studies with heritable foliar resistance to the
early blight pathogen Alternaria solani, conferred by the presence of multiple
genes (Barksdale and Stoner, 1973; Gardner, 1988; Maiero et al., 1990; Maiero
and Ng, 1989; Nash and Gardner, 1988). These studies also suggest that expression
of a resistant phenotype in a given individual relies on various genetic interactions
of an additive and/or epistatic nature. All tomato breeding lines resistant to A.
solani were found to express significantly higher consitutive levels of chitinase and
[3-1,3-glucanase isozymes than susceptible plants (Lawrence et al., 1996, 2000).
The same 30 kDa chitinase isozyme expressed to a high level in resistant lines
was also found to accumulate more rapidly, and to significantly higher levels,
in the resistant lines than in the susceptible ones during pathogenesis (Lawrence
etal., 1996). The resistant tomato lines expressing elevated levels of chitinase and
[3-1,3-glucanase isozymes are also able to produce a greater number of, or more
effective, elicitors of the hypersensitive response from A. solani cell walls than
susceptible tomato lines (Lawrence et al., 2000). It is thought that the higher con-
stitutive expression of hydrolytic enzymes might therefore contribute to disease
resistance to A. solani via the more rapid and greater production of oligosaccha-
ride elicitors upon contact with the pathogen, that in turn activate other defense
mechanisms. More rapid accumulation of chitinases in resistant plants during
incompatible tomato—pathogen interactions have also been observed in planta
by other researchers (Benhamou et al., 1990). Two genes encoding basic chiti-
nases, which accumulate during pathogenesis in tomato have been sequenced,
and the promoter region of one of these genes cloned (Baykal and Tuzun, un-
published data). The manner in which the gene is regulated is currently being
determined.

Tomato plants immunized with (3-amino butyric acid (BABA) accumulated
[3-1,3-glucanase and chitinase (Cohen et al., 1994), while tomato plants immunized
with 4-hydroxybenzoic hydrazide, saliclylic hydrazide, or 2-furoic acid accumu-
lated an acidic peroxidase (Miyazawa et al., 1998). Interestingly, this peroxidase
was not produced as a result of pathogenesis or wounding, suggesting that different
kinds of inducing agents may have different effects on plant physiology. Enkerli et
al. (1993) reported correlations between increased tomato chitinase activity, but not
[3-1,3-glucanase activity, with induction of resistance. Similarly, correlations be-
tween induced resistance in tomato and increased production of various antifungal
proteins or activity of peroxidases, but not (3-1,3-glucanases, have been reported
(Anfoka and Buchenauer, 1997). Treatment of tomato roots with the mycopara-
site Pythium oligandrum (Benhamou et al., 1997), chitosan and Bacillus pumilis
(Benhamou et al., 1998) or with benzothiadiazole (Behnamou and Belanger, 1998)
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was able to trigger and amplify plant defense responses to infection with a fungal
pathogen, including the deposition of newly formed barriers containing callose
and phenolic compounds.

6.4.3 Cabbage

A high level of resistance to the black rot pathogen, Xanthomonas campestris pv.
campestris (XCC), was observed decades ago in the cabbage cultivars Early Fuji
and Hugenot (Bain, 1952), and the heritable nature of this resistance was found
to involve one major and several modifying genes (Bain, 1955). Cabbage vari-
eties demonstrated to be resistant to a virulent strain of XCC have been found to
constitutively express higher levels of the chitinase-lysozyme isozyme CH2 than
susceptible cabbage varieties (Dodson et al., 1993). The level of CH2 expres-
sion was correlated with the extent of black rot disease resistance. Acidic protein
extraction and denaturing electrophoresis identified at least 12 acid-extractable
proteins which accumulated in both black-rot resistant and susceptible varieties
following XCC infection; however, accumulation was early and more pronounced
in the resistant varieties (Tuzun et al., 1997). The chitinase-lysozyme CH2, as
well as peroxidase and superoxide dismutase isozymes, accumulate more rapidly
and to a greater extent following inoculation with XCC than susceptible varieties
(Dodson et al., 1993; Gay and Tuzun, 2000b). Increases in chitinase, lysozyme,
peroxidase, and superoxide dismutase activities have also been correlated with in-
creased expression of these isozymes. Higher peroxidase activity in the hydathodal
fluids of black rot-resistant cabbage varieties than in susceptible ones was related
to increased suppression of XCC growth in the hydathodal fluids (Gay and Tuzun,
2000a). Localized accumulations of peroxidase may function to protect plants
against XCC infection, since this pathogen initially invades cabbage via the hy-
dathodes (Staub and Williams, 1972).

Incompatible interactions with X. campestris pv. vesicatoria and a less
pathogenic strain of XCC were sufficient to induce systemic resistance in cab-
bage against pathogenic isolates of XCC under both greenhouse and field condi-
tions (Jetiyanon, 1994). Immunized plants produced chitinase/lysozyme, (3-1,3-
glucanase, osmotin, and other pathogenesis-related proteins earlier and in greater
quantities than did nonimmunized plants (Tuzun et al., 1997).

6.4.4 Other Systems

Higher constitutive expression of chitinases and/or glucanases in disease-resistant
plants relative to susceptible ones has also been noted in barley (Ignatius et al.,
1994), grape (Busam et al., 1997), and potato (Wegener et al., 1996). Increases in
the expression or activity of chitinase and/or (3-1,3-glucanase isozymes in disease
resistant plants after pathogen challenge have been reported in barley (Ignatius
et al., 1994), pea (Vad et al., 1991), and wheat (Liao et al., 1994; Siefert et al.,
1996, Kemp et al., 1999). Chitinase expression increased in wilt-resistant cotton
plants following infection by Verticillium dahliae, but 3-1,3-glucanase expression
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did not (Cui et al., 2000). Two wheat genes that encode proteins PR-1.1 and
PR-1.2, expression of which was induced upon infection with either compatible
or incompatible isolates of the fungal pathogen Erysiphe graminis, were identified
(Molinaetal., 1999). Two new PR-4 family proteins (named wheat win3 and wheat
win4) showing distinct antifungal activity were identified from wheat (Carusoetal.,
2001). A similar protein has been identified from bean leaves, with similarity to PR 1
like protein and glucanase, and a thaumatin like protein (Del Campillo and Lewis,
1992). Thionins, defensins, PR-like chitinases, thaumatin like proteins isolated
from wheat, barley, sorghum, oats, and maize have antifungal activity (Hejgaard
etal., 1991; Vigers et al., 1991).

Increases in the expression and activity of chitinases, (3-1,3-glucanases and/or
peroxidases after the induction of ISR has also been reported in cotton (Dubery and
Slater, 1996), wheat (Liao et al., 1994; Siefert et al., 1996), rice (Manandhar et al.,
1999), coffee (Guzzo and Martins, 1996), grape (Busam et al., 1997), cucumber
(Schneider and Ullrich, 1994; Ju and Kué, 1995; Dalisay and Ku¢, 1995a,b),
bean (Dann et al., 1996; Xue et al., 1998), pepper (Hwang et al., 1997), chestnut
(Schafleitner and Wilhelm, 1997), Cotoneaster watereri (Mosch and Zeller, 1996),
and Stylosanthes guianensis (Brown and Davis, 1992). Kogel et al. (1994) reported
that ISR in barley is associated with increases in PR-1, peroxidase and chitinase
proteins, but not 3-1,3-glucanase. Although it appears to be a rather specific case,
ISR induced in radish by Pseudomonas fluorescens has yet to be explained since no
pathogenesis-related proteins accumulate and no changes in cell wall composition
occur (Steijl et al., 1999).

Chitosanases, chitinases and 3-1,3-glucanases were observed to accumulate in
infected spruce seedlings (Sharmaetal., 1993), and in the vicinity of the pathogenic
fungus in infected spruce and pine (Asiegbu et al., 1999). These observations
indicate that the defense responses of gymnosperms are similar to those of an-
giosperms. Induced resistance to pathogenic fungi in mature Norway spruce trees
was found to be localized to the immunized bough rather than being systemic
throughout the plant, but this was attributed to the size of the plant rather than a
fundamental difference in induced resistance mechanisms (Krokene et al., 1999).

6.5 Regulation in PR Gene Expression

How pathogen infection leads to PR gene expression is as yet not well understood.
Some of this is due to the fact that PR gene expression appears to be induced by
environmental stimuli (e.g., cold stress, ultraviolet light) as well as developmental
cues. Interestingly, the systemic induction of BiP, a lumenal binding protein in
tobacco that is required for the normal induction of PR gene expression, occurs
prior to the induction of PR genes (Jelitto-van Dooren et al., 1999)

It is possible that some PR proteins, specifically hydrolytic enzymes, act to
stimulate an appropriately rapid or intense defense response by amplifying the
concentration of nonspecific elicitors that go on to stimulate defense responses,
including the production of more hydrolytic PR proteins. A role for hydrolytic
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PR proteins as defense response signal amplifiers would be consistent with their
generally rapid induction in response to stressful pathogenic infections.

6.5.1 Elicitors of PR Gene Expression

A variety of microbially-produced surface or secreted molecules have been iden-
tified as elicitors of PR gene induction, including oligosaccharides, oligochitin
and oligoglucan fragments, extracellular glycoproteins and peptides, lipopolysac-
charide from Burkholderia cepacia, and Avr proteins derived from bacterial and
fungal pathogens (Boller and Felix 1996; Coventry and Dubery, 2001).

Avr proteins are specific elicitors, meaning that a pathogen expressing that prod-
uct is recognized by a host plant expressing the corresponding resistance gene (R),
which then activates the disease resistance mechanisms of the host (Staskawicz
et al., 1995; Bent, 1996). Activation of tomato PR genes by the Avr9 gene product
of Cladosporium fulvum (Wubben et al., 1994), and activation of barley PR gene
expression by Rhychosporium NIP1 Avr protein (Rohe et al., 1995) provide exam-
ples of defense responses induced by specific elicitors. Nonspecific elicitors (i.e.,
elicitors other than Avr proteins) also seem to be detected by receptors, which then
stimulate a defense response. The receptor of a soybean 3-glucan elicitor (GE)
that induced phytoalexin biosynthesis was identified (Umemoto et al., 1997), and
a parsley glycoprotein secreted by Phytophthora sojae has been shown to elicit ion
channel openings and expression of defense genes including PR genes (Nurnberger
et al., 1994; Ligterink et al., 1997).

6.5.2 Activation of PR Gene Expression

Secondary signal molecules such as reactive oxygen species, salicylic acid, ethy-
lene, and jasmonates have been shown to induce PR gene expression (Delledone et
al., 1998; Durner et al., 1998; Ecker, 1995). However, it is uncertain whether this
induction requires secondary messengers. Proteinase inhibitor (Pin) of tomato is
inhibited by ethylene and jasmonates, whereas these secondary signal molecules
enhance tobacco osmotin, PR1, and tomato Pin2 (O’Donnell et al., 1996; Farmer
et al., 1994). Using an inducible gene expression system, McNellis et al. (1998)
directly expressed the AvrRpt2 protein in Arabidopsis and stimulated a hypersen-
sitive response as well as induction of PR-1 gene expression.

A DNA microarray analysis of gene-expression changes in Arabidopsis
thaliana, under 14 different ISR-inducing or ISR-repressing conditions, was
used to derive groups of genes with common regulation patterns (regulons).
A common promoter element in genes of the PR-1 regulon that binds mem-
bers of a plant-specific transcription factor family was identified (Maleck et al.,
2000). The promoter regions of two peach 3-1,3-glucanase genes, designated
PpGnsl and PpGns2, identified to be highly expressed upon exposure to Xan-
thomonas campestris pv. pruni, contain elements similar to the cis-regulatory
elements present in different stress-induced plant genes (Thimmapuram et al.,
2001). Receptor-mediated recognition of Phytophthora sojae may be achieved
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through a 13 amino acid peptide sequence (Pep-13) present within an abun-
dant cell wall transglutaminase, which initiates a defense response that includes
the transcriptional activation of genes encoding pathogenesis-related (PR) pro-
teins (Kroj et al., 2003). Identification of cis regulatory elements mediating
pathogen-induced PR gene expression suggested that the regulation primarily oc-
curs at the level of transcription. The cis regulatory elements include GCC box
(AGCCGCC), W box (TTGACC or TGAC-[N]x-GTCA), MRE-like sequence
(ATA/C]CIA/T]A[A/C]C), G box (CACGTG), SA responsive element (SARE,
TTCGACCTCC), and a parsley 11bp element mediating PR2 gene expression. Of
these only the GCC box and the W box are extensively studied.

GCC box initially denoted as an ethylene responsive element has been identified
in the promoter of a number of basic PR genes (Hart et al., 1993). The absence
of GCC box in other ethylene responsive genes suggests that GCC box may be
associated with the defense response mediated by ethylene. The GCC box confers
ethylene-induced transcription of tobacco g/n2 and PRB-1b genes. Also, a 140
bp fragment that contains the GCC box from osmotin promoter is necessary to
confer responsiveness of osmotin to various stimuli (Ragothama et al., 1997).
Thus, GCC box might be a point of cross talk between various signal transduction
pathways.

The promoter of an Arabidopsis basic PR1-like gene, AtPRBI, establishes
organ-specific expression pattern and responsiveness to ethylene and methyl jas-
monate (Santamaria et al., 2001). Identification of GCC box binding proteins
(EREBP1-4) containing a conserved domain responsible for binding to the GCC
box suggests that ethylene further induces the expression of the EREBP genes. Ho-
mologues of the EREBP genes have been identified from several species (Kitajama
etal., 2000). An Arabidopsis EREBP homolog (AtERF1), which acts downstream
of EIN3 (a component of the ethylene signaling pathway), has been identified to
activate PR gene expression (Chao et al., 1997; Solano et al., 1998). EIN3 has
subsequently been shown to be a transcriptional regulator of AtERF1.

A Glycine max gene encoding the ethylene-responsive element-binding protein 1
(GmEREBP1) has been shown to have differential expression during soybean cyst
nematode infection (Mazarei et al., 2002). Three tomato Pto interacting proteins
(Pti), with homology to the tobacco EREBPs have been identified, and shown to
bind the GCC box of the tobacco g/n2 gene (Zhou et al., 1997). This suggests
that Pti4/5/6 and EREBPs act in the R gene pathway. Ptis have also been shown
to be highly regulated proteins. Pto kinase interacts directly with Pti4/5/6, and
phosphorylates Pti4 protein specifically, to enhance the ability of Pti4 to activate
expression of GCC-box PR genes in tomato (Gu et al., 2000). While Pti4 is consti-
tutively expressed and shows increased accumulation on infection, P#i5 transcript
isinduced only upon infection. Pti4 also responds to mechanical and osmotic stress.
A protein kinase that regulates the expression of PR genes has also been identified
from rice. The rice mitogen-activated protein kinase (OsMAPKS) has been shown
to negatively modulate PR gene expression (PR1 and PR10) and broad-spectrum
disease resistance (Xiong and Yang, 2003). Analysis of the Arabidopsis PDF1.2
promoter shows a GCC box, and that the promoter confers pathogen and jasmonate
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responsiveness. This demonstrates that AtPDF1.2 gene is a target for EREBP/Pti
class of transcription factors (Wu et al., 2002). Expression of Pti4, Pti5, or Pti6
in Arabidopsis activated the expression of the salicylic acid-regulated genes PR/
and PR2 (Gu et al., 2002).

The W box has been identified in parsley PRI and PR2, tobacco chitinase,
asparagus PRI, potato PR10a, and maize Prms. Promoter deletion analysis showed
that the W box is required for the elicitor-induced response of these PR genes. The
W box has also been identified in other pathogen responsive genes suggesting a
wider role for this cis element (Rushton and Somssich, 1998; Somssich, 2003).
Rushton et al. (1996) identified a family of parsley proteins, which bind the W box,
activating the expression of genes containing the W box. The Arabidopsis WRKY
protein ZAP1 can activate a W box indicating that ZAP1 is capable of trans-
activating W box containing genes (De Pater et al., 1996). The parsley WRKY 1
gene has been shown to bind the W box elements and act as a transcriptional
activator (Eulgem et al., 1999).

Efforts are on to analyze the regulation of gene expression mediated by other reg-
ulatory elements identified to modulate PR gene expression. In Arabidopsis, NPR1
was originally discovered as a key regulatory protein that functions downstream
of SA in the ISR. Upon induction of ISR, NPR1 activates PR-1 gene expression by
physically interacting with a subclass of basic leucine zipper protein transcription
factors (TGA/OBF family of transcription factors) that bind to promoter sequences
required for SA-inducible PR gene expression (Chao et al., 1997; Zhou et al., 2000;
Van Wees et al., 2000). In addition, analysis of the Arabidopsis mutant nprl, which
is impaired in SA signal transduction, revealed that the antagonistic effect of SA
on JA signaling requires the NPR1. Nuclear localization of NPR1 indicating that
cross-talk between SA and JA is modulated through a novel function of NPR1 in
cytosol (Spoel et al., 2003). A negative regulator of ISR, snil (suppressor of nprl)
has been identified in a suppressor screen of npr/ mutant (Li et al., 1999). Epistatic
analysis has identified cpr5 and cprl as genes acting upstream of SA production
and the nprl and cpr6 downstream of SA production (Clarke et al., 1998; Dong,
1998). It also shows that cpr5 is a negative regulator of the hypersensitive response,
and cprl is a negative regulator of SA biosynthesis. In addition the classical PR
genes, defensin (PDF1.2) gene and thionin (Thi2.1) are constitutively expressed
in cpr5 and cpr6 mutants. In contrast, the cpr/ mutant accumulates only the clas-
sical PR genes and not the PDF1.2. A double mutant (nprl: cprS) accumulated
the PDF and not the PR genes, suggesting that expression of PDF is independent
of NPR1. Thus, the activation of Arabidopsis defense genes appears to follow
two separate pathways: an NPR1 dependent pathway for PR1, PR2, and PR5, and
an NPR1 independent pathway for PDF and Thi2. Genetic analysis also suggests
that CPR6 may be responsible for the crosstalk between SA mediated signaling
pathway and the jasmonates/ethylene mediated signaling pathway (Clarke et al.,
1998). It appears that overexpression of regulatory genes for induced systemic
resistance that results in broad spectrum of resistance (Cao and Dong, 1998) also
involves accumulation of PR proteins. A protein identified as the silencing ele-
ment binding factor (SEBF) that binds elements in the promoter region of potato
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PR10a was shown to act as a transcriptional repressor of PR10a expression (Boyle
and Brisson, 2001). Elicitor-induced activation of the potato PR-10a requires the
binding of the nuclear factor PBF-2 (PR-10a binding factor 2) to an ERE (elic-
itor response element) in the promoter region, and thus acts as a transcriptional
regulator (Desveaux et al., 2000).

6.6 Conclusion

Timely accumulation of PR proteins during pathogenesis can be suggested as a
part of defense mechanisms in plants against pathogens and pests. Some of these
proteins may have a different role in plant metabolism and/or may just occur
there as a part of regulatory systems overall happening during the plant—pathogen
interactions. Specific isozymes of the hydrolytic enzymes, on the other hand,
which demonstrate differential activity toward the substrate during the release of
elicitor molecules from the pathogens may have been evolved as a part of defense
mechanisms in “naturally resistant plants”. Such isozymes may be bred into the
resistant lines of crop varieties act as recognition mechanism to initiate the whole
battery of defense mechanisms. It is also clear that some of PR-proteins such
as osmotins and hydrolytic enzymes have a direct involvement in reduction of
pathogenesis as evidenced by genetic studies as well as microscopic observations.
However, it is important to recognize that plant defense mechanisms are complex
and more than one factor is involved in the successful existence of plant species over
the centuries under the abundance of numerous organisms that can be potentially
harmful to plants. Nevertheless pathogenesis is an exception, and is a result of
failure of many pathways to be activated in a timely manner. PR proteins are
certainly there for a reason, whether they are a part of a major defense mechanisms
or not, according to the inducer, they are a part of induced systemic resistance and
more studies will further show that they may be the reason of successful breeding
efforts, which we have been doing over the centuries to breed disease resistant
varieties carrying more than one gene for resistance.
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Chemical Signals in Plant
Resistance: Salicylic Acid

CHRISTIANE NAWRATH, JEAN-PIERRE METRAUX,
AND THIERRY GENOUD

7.1 Introduction: Systemic Acquired Resistance
and Salicylic Acid

Plants are defended against pathogens by constitutive and inducible barriers. In-
duced resistance is expressed locally at the site of infection as well as in uninfected
parts of infected plants. Induced defense responses to pathogens were already de-
scribed in the first half of the 20th century (Carbone and Arnaudi, 1930; Chester,
1933; Gaumann, 1946). Some decades later, the phenomenon of induced resistance
extending beyond the infected sites of a plant was studied in detail in tobacco and
cucumber (Madamanchi and Kué, 1991; Ross, 1966). The classical experimental
system consists of a plant infected on the lower leaf with a necrotizing pathogen that
induces a resistance response in the upper leaf toward the same or other pathogens.
This resistance is referred to as systemic acquired resistance (SAR) and occurs in
many di- and monocotyledonous species (Sticher et al., 1997).

The broad systemic response to pathogens and the transmission of a systemic
signal are both spectacular and intriguing features of SAR. The induction of SAR
by pathogens is a complex process. Elicitors released at the site of infection are
recognized by corresponding plant receptors; this leads to modifications in ion
homeostasis, production of reactive oxygen species (ROS), and numerous phos-
phorylation events (Dangl and Jones, 2001). These changes activate a signaling
network leading to transcriptional events involved in various aspects of local and
SAR responses. A putative signal released from the infected leaf moves to other
parts of the plant where it induces defense reactions. Interestingly, besides local-
ized infection by pathogens, colonization of roots with nonpathogenic bacteria can
also induce resistance in leaves (Pieterse and van Loon, 1999; Van Loon et al.,
1998). Furthermore, localized viral infections can lead to the systemic induction
of post-transcriptional gene silencing, a defense mechanism to subsequent viral
infections (Waterhouse et al., 2001). Environmental factors such as light or UV
irradiation can also have an important impact on SAR (Genoud et al., 2002; Islam
et al., 1998; Mercier et al., 2001).
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SAR and its broad spectrum of protection inspired researchers to use this phe-
nomenon for novel approaches in plant protection. For instance, nonantibiotic
molecules were identified that can induce SAR on various plants under field con-
ditions (Friedrich et al., 1996; Gorlach et al., 1996; Métraux et al., 1991). The
molecular responses induced during SAR also became an important target for many
groups. For example, a set of proteins termed pathogenesis-related or PR-proteins
and their associated genes were discovered that are locally and systemically in-
duced in response to elicitors (Van Loon and Van Strien, 1999). Some of these PRs
have antibacterial or antifungal activities, indicating a role in pathogen defense.
The number of defense-related genes is much wider than originally thought, as
shown by genome-wide analyses (Maleck et al., 2000; Schenk et al., 2000). Ex-
ogenously applied salicylic acid (SA) was first shown in tobacco to induce PRs
and to protect against tobacco mosaic virus. Later, SA was found in plants after
pathogen infection, locally and systemically, making SA an endogenous signal for
SAR (reviewed in Sticher et al., 1997).

SA is found in many species and can regulate such diverse physiological pro-
cesses such as thermogenesis, flowering or defense against pathogens (reviewed
in Raskin, 1992). Strong correlations were found between induced resistance and
endogenous SA accumulation in plant tissue after a localized pathogen infection
(reviewed in Sticher et al., 1997). Further support for the importance of SA for SAR
came from studies with mutants and transgenic plants that exhibit altered levels of
SA. In general, plants with low endogenous SA are impaired in SAR. Conversely,
mutants with constitutive high levels of SA exhibit increased tolerance to pathogens
(reviewed in Métraux and Durner, 2002). Besides SA, other endogenous molecules
have been identified as signals involved in the activation of resistance responses
that are SA-independent. These compounds include octadecanoic acid derivatives
such as jasmonic acid (JA), methyl jasmonate (MeJA), 12-oxo-phytodienoic acid
(OPDA), and ethylene (ET). Interestingly, it was shown in Arabidopsis thaliana
that SA-dependent responses can provide resistance to a defined spectrum of
pathogens only (such as Peronospora parasitica or Pseudomonas syringae) while
JA- and ET-dependent resistance responses seem to operate against another
group (Alternaria brassicicola, Botrytis cinerea) (Thomma et al., 1998). Thus, a
pathogen attack does not trigger a central SA-dependent cascade of reactions lead-
ing to the activation of a single set of resistance mechanisms but rather activates
a complex network dependent on multiple signals, of which SA is one (Thomma
et al., 1998, 2001). Some branches of this network crosstalk with each other, or
interfere with pathways triggered by environmental stimuli such as light (Genoud
et al., 2002). This increases the flexibility of the network to optimize the defensive
reactions of the plant to a given environment. A digital approach based on Boolean
logic was proposed to represent such a complex network (Genoud et al., 2001,
2002).

This chapter will focus on our state of knowledge on the biosynthesis and
metabolism of SA, the various roles of SA in defense responses, SA-dependent
signaling, and the SA-induced defense signaling network.
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Several studies have shown that SA derives from the shikimate-phenylpropanoid
pathway (reviewed in Sticher et al., 1997). Depending on the species or tissues,
two routes from phenylalanine to SA have been described that differ at the hy-
droxylation of the aromatic ring. Phenylalanine ammonia lyase (PAL) converts
phenylalanine (Phe) to cinnamic acid (CA) that can be hydroxylated to form ortho-
coumaric acid followed by oxidation of the side chain to yield SA. Alternatively,
SA results from an oxidation of the side chain of CA to form benzoic acid (BA) that
is hydroxylated in the ortho position (reviewed in Sticher et al., 1997). In tobacco,
SA was postulated to be synthesized from free BA (Yalpani et al., 1993), and re-
cent results indicate that benzoyl glucose, a conjugated form of BA, is the direct
precursor of SA (Chong et al., 2001). In cucumber, potato, and rice SA is likely
to derive from phenylalanine via CA and BA but the exclusive role of this route in
pathogen-induced SA was never fully assessed (reviewed in Sticher et al., 1997).

Arabidopsis thaliana also produces SA locally and systemically after pathogen
infection or treatment with UV-C light (Nawrath and Métraux, 1999; Summermat-
ter et al., 1995). In Arabidopsis, inhibitor studies with 2-aminoindan-2-phosphonic
acid (AIP), an inhibitor of PAL, indicate that the biosynthetic pathway of SA is
derived from Phe and CA. AIP-treated plants have lower amounts of SA and are sus-
ceptible to P. parasitica (Mauch-Mani and Slusarenko, 1996). The SA-induction
deficient (sidI and sid2) mutants are unable to accumulate SA and to express SAR
after an infection (Nawrath and Métraux, 1999). The sid2 mutation was localized
to a gene, ICS, encoding isochorismate synthase (ICS) (Wildermuth et al., 2001).
ICS1 includes a chorismate-binding domain. It shares 57% amino acid identity with
a Catharanthus roseus ICS (Van Tegelen etal., 1999) and 20% identity with the bac-
terial ICS, and both proteins have confirmed biochemical activities (Serino et al.,
1995; Wildermuth et al., 2001). The ICS1 gene is induced locally and systemically
upon localized pathogen infection (Wildermuth et al., 2001). This demonstrates
that SA produced by ICS is required for SAR in Arabidopsis. An explanation is
now needed to explain the discrepancy between these results from studies with
AlP-treated plants (Mauch-Mani and Slusarenko, 1996). ESTs for ICS have been
annotated in soybean and tomato, making it likely that many higher plants produce
pathogen-induced SA from isochorismate (Wildermuth et al., 2001). The presence
of a plastid transit peptide and cleavage site in the /CS/ gene indicates a plastid-
localized synthesis of SA. Possibly, the SA pathway in Arabidopsis might share
common ancestry with prokaryotic endosymbionts (Wildermuth et al., 2001). The
presence of W-box elements in the promoter of ICS/ suggests that WRKY tran-
scription factors may regulate the response to pathogens or stress (Eulgem et al.,
2000). The ICS1 promoter also includes a binding site for Myb transcription fac-
tors that regulate genes for plant defense and associated secondary metabolism
(Bender and Fink, 1998; Yang and Klessig, 1996). Interestingly, neither bZIP nor
NF-kB motifs, typically required for the induction of PRI by SA, were found
in the promoter of ICSI, suggesting a SA-independent regulation after pathogen
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infection (Cao et al., 1997; Ryals et al., 1997). Indeed, wild-type expression lev-
els of ICS1 are observed in SA-depleted NahG plants (Wildermuth et al., 2001).
Therefore, the expression of /CS1 is likely to be under the control of a signal other
than SA.

Although the site of action of SA is not known, evidence from transgenic plants
expressing the NahG gene in the cytoplasm (Delaney et al., 1994) supports either
a cytoplasmic location or at least a traffic of SA through this compartment. Inter-
estingly, another SA-induction deficient mutant, eds5/sidl, was used to identify
a membrane protein homologous to the bacterial multidrug and toxin extrusion
(MATE) proteins (Brown et al., 1999; Nawrath et al., 2002). MATESs have recently
been reported in Arabidopsis (Brown et al., 1999; Debeaujon et al., 2001; Diener
et al., 2001; Nawrath et al., 2002). It will now be very interesting to learn more on
the nature of the substrate(s) transported by EDS5/SID1.

The relative importance of CA- and ICS-derived SA for the induction of SAR
needs to be investigated, since the isochorismate pathway might not be unique
for Arabidopsis (Wildermuth et al., 2001). If both pathways really coexist in a
same species, specific stimuli might selectively induce SA by one or the other
pathway. In Arabidopsis, virulent or avirulent pathogens, ozone stress, or callus
formation lead to high levels of SA while wild-type levels of SA are observed
in sid2 mutants that have an inactivated ICS (Nawrath and Métraux, 1999). This
supports a unique ICS-derived pathway for pathogen, ozone and callus-induced
SA formation. Possibly, wild-type basal levels of SA might derive from the CA
pathway. Another source of the basal levels of SA was proposed to result from the
action of a second ICS gene (ICS2), the transcripts of which remain undetected
in infected or uninfected leaves of Arabidopsis (Wildermuth et al., 2001). Clearly,
the function and regulation of CA- and ICS-derived SA needs to be clarified in
Arabidopsis and other species where CA was proposed as a main precursor for
pathogen-induced SA.

SA is also present as a conjugate, either in methylated, hydroxylated, or gly-
cosylated form. In tobacco, volatile methyl salicylate (MeSA) is produced from
SA after infection. Interestingly, MeSA can induce defense reactions upon con-
version to SA (Seskar et al., 1997; Shulaev et al., 1997). It was proposed to be
additive to SA for signaling within a plant and to act as a signal for communication
between plants (Shulaev et al., 1997). In tobacco, a predominant and stable SA
metabolite is SA-2-O-3-D-glucoside (SAG). The ester glucoside (GSA) was also
found in tobacco (Enyedi et al., 1992). GSA was observed to accumulate rapidly
and transiently after SA application (Lee and Raskin, 1998). GSA was proposed
to protect the plant against phytotoxicity of high SA levels, while SAG might
represent a slow release form of SA (Lee and Raskin, 1999). A UDP:glucose:SA
glucosyltransferase (SAGTase) was isolated from tobacco and oats that can form
both SAG and GSA (Edwards, 1994; Lee and Raskin, 1999). The tobacco SAG-
Tase has a broad specificity for simple phenolics and its mRNA is rapidly induced
upon SA treatment or inoculation with incompatible pathogens (Lee and Raskin,
1999).
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Endogenous SA, or application of SA, or functional analogs such as BTH (benzo-
(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester; BION®, ACTIGARD®) and
INA (2,6-dichloroisonicotinic acid) induce the expression of a set of PR-proteins
such as PR1, PR2, and PRS, the expression of which correlates with resistance
(Métraux et al., 1991, Uknes et al., 1992, Ward et al., 1991). Interestingly, while
some PRs have an antimicrobial activity in vitro and were proposed to act similarly
in planta (reviewed in Punja, 2001) the biological function of PR1, one of the best
markers for SAR, is still unknown. Some situations were also described where
the induction of some PRs could be dissociated from the action of SA (Nawrath
and Métraux 1999; Schaller et al., 2000). In Arabidopsis undergoing SAR, 31
genes linked to SAR cluster together with PRI (Maleck et al., 2000). This typical
defense gene expression pattern is lost in SA-degrading NahG plants (Delaney et
al., 1994; Gaftney et al., 1993; Maleck et al., 2000), as well as in mutants blocked
in SA biosynthesis (Nawrath and Métraux, 1999). So far, it was tacitly assumed
that NahG plants are only affected in SA accumulation. Several studies indicate
more complex modifications that could in some cases influence the interpretation
of the phenotype observed in NahG plants (Cameron, 2000; Lieberherr et al.,
2003; Nawrath and Métraux 1999; Heck et al., 2003; Van Wees and Glazebrook,
2003).

SA also promotes or inhibits cell death depending on the plant pathogen inter-
action, environmental conditions, and genetic background of the plant cell (Green-
berg et al., 2000). In Arabidopsis, many mutants with constitutive high PR1 ex-
pression and enhanced resistance form spontaneously HR-like lesions (Dietrich
et al., 1994; Greenberg, et al., 1994; Weymann et al., 1995). In some mutants,
SA-accumulation and SAR gene expression are only necessary for disease resis-
tance, but not for lesion formation, i.e., in Isd2 and Isd4 (Hunt et al., 1997). In
other mutants, expression of the NahG gene suppresses lesion formation as well
as disease resistance, e.g., in Isd6, Isd7, and ssil (Weymann et al., 1995; Shah
et al., 1999; Greenberg et al., 2000). SA-dependent cell death has also been ob-
served in tobacco expressing the Cf-9 gene of tomato together with the avirulence
gene Avr9 of P. syringae (Hammond-Kosack et al., 1998) as well as in soybean
cell cultures infected with avirulent P. syringae pv. glycinea (Shirasu et al., 1997).
In TM V-infected tobacco, the expression of NahG delays the development of the
HR (Mur et al., 1997) and attenuates the oxidative burst after inoculation with
avirulent bacteria (Mur et al., 2000).

SA-dependent cell death may also be caused by cellular dysfunction associated
with superoxide production (Broderson et al., 2002; Jabs et al., 1996; Kliebenstein
etal., 1999). For example, superoxide production leads to runaway cell death in the
Isd1 mutant. This might be caused by a defect in the GATA-type transcription factor
LSD1 that activates the expression of a Cu/Zn superoxide dismutase (Dietrich et al.,
1997). In the sncl mutant, an unknown additional factor besides SA was found to
be needed for cell death (Li et al., 2001). In some Arabidopsis mutants the lesion
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formation are uncoupled from SA production and SAR. This is the case in dndl,
dnd2, and hrll that do not develop HR-like lesions while SA accumulation and
SAR remain intact (Yuetal., 1998). In other Arabidopsis mutants, e.g., the acd5 and
ddll mutants, SA accumulation, cell death, and disease resistance are uncoupled
from each other (Greenberg et al., 2000; Pilloff et al., 2002). For example, SA or
BTH induces cell death leading to an increased susceptibility to P. syringae and
endogenous SA accumulation does not lead to SAR in acd5 (Greenberg et al.,
2000).

The prominent effect of SA on gene expression led many investigators to study
its molecular mode of action. SA is unlikely to interact directly with a target site at
the promoter of induced genes. Therefore, a search for protein binding sites with
high affinity for SA led to the enzyme catalase (Chen et al., 1993). Binding and
associated inactivation of catalase was proposed to increase intracellular H,O, that
could activate defense gene expression or act as an antimicrobial barrier at the site
of invasion (Chen et al., 1993). This catalase inhibition hypothesis was seriously
questioned (reviewed in Mauch-Mani and Métraux, 1998). SA was proposed to
affect the redox status of the cells. The ability of SA to form free radicals upon
inhibition of heme-containing enzymes such as peroxidase or catalase led to the
“free radical” hypothesis of SA action (Durner and Klessig, 1995, 1996). Phenolic
free radicals can be potent initiators of lipid peroxidation, the products of which
might activate defense reactions (Farmer et al., 1998). It remains to be demonstrated
that sufficient free radicals are produced in the correct time and space frames to
induce defense responses. A novel protein was also found to exhibit high affinity
for SA, but its relevance for the induction of SA-dependent resistance has never
been completely assessed (Du and Klessig, 1997).

Another aspect of the molecular action of SA is based on its possible involve-
ment in phosphorylation cascades. MAP kinases (MAPKSs) typically compose
modules of signaling equivalent to the bacterial signal-integrating phosphorelays,
which are characterized by a sequence of reversible phosphorylations of the MAPK
by MAPK kinases (MAPKK), subsequent to the phosphorylation of MAPKK by
MAPKK kinases (MAPKKK) (Niirnberger and Scheel, 2001; Romeis et al., 2000;
Wrzaczek and Hirt, 2001; Zhang and Klessig, 2001). The three successive phos-
phorylation events are locally assisted by a scaffold protein (see for instance Xing
et al., 2002), that may also contribute to precisely target the signaling (amplifier)
module to a specific location in the cell. In eukaryotes such as yeast, this type
of signal transduction apparatus acts in combination with specific receptors (such
as trimeric-G-coupled receptors) in the transmission of external stimuli and can
be the site of crosstalk modulation by a different perceptive pathway. In plants,
SA induces the activity of a protein kinase (referred to as SA-induced protein
kinase, SIPK) belonging to the MAP kinase family (Zhang and Klessig, 1997).
SIPK was proposed to initiate or be part of a more complex signaling cascade for
the induction of defense reactions. In tobacco, the MAPKK NtMEK?2 activates
SIPK. This is followed by a hypersensitive reaction (HR)-like cell death and acti-
vation of the expression of 3-hydroxy-3-methylglutaryl CoA reductase (HMGR)
and L-phenylalanine ammonia-lyase (PAL), two genes encoding key enzymes of
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the biosynthesis of defense-related phenolics (Yang et al., 2001). Unexpectedly,
SA is not involved in the NtMEK?2-mediated activation of HR (Yang et al., 2001),
indicating the existence of alternative signaling cascades for SA. The existence
of different MAPK cascades was also inferred from the study of the flagellin
cascade in Arabidopsis (Asai et al., 2002). In Arabidopsis, H,O, activates the
MAPKKK ANPI that activates the SIPK analogs AtMPK3 and AtMPK®6, appar-
ently without the implication of SA (Kovtun et al., 1998). In summary, while the
activation of MAPKs by SA has been reported in some instances, many studies
suggest that kinase cascades can operate without SA. Presumably, such signaling
cascades would precede downstream defense responses, some of which are SA-
dependent.

A possible molecular action of SA was also considered in relation to priming.
This hypothesis proposes that SAR-derived signals prime or condition the plant
tissue to react with a faster and more intense induction of defense reactions after
an infection. Support for a role of SA in priming was first obtained in elicitor-
treated cultured parsley cells (Conrath et al., 2002). The defense responses that
can be primed by SA or functional analogs include the oxidative burst, the HR, the
production of phenolic compounds, lignin-like polymers or phytoalexins, or the
expression of defense-related genes (Conrath et al., 2002). Priming has also been
observed in whole plants. Arabidopsis pretreated with pathogens or BTH shows
an increase in the sensitivity to P. syringae-induced activation of the PAL gene
and callose deposition, two reactions that are not induced by BTH alone (Kohler
et al., 2002). Priming by BTH and pathogen infection for resistance to P. syringae
requires the activity of the NIM1/NPR1 gene (Kohler et al., 2002). Interestingly, in
Arabidopsis the BTH-primed PAL expression and callose deposition could also be
induced after wounding or infiltration of leaves with water, indicating that priming
may be a point of crosstalk between the response to pathogens and wounding or
osmotic stress (Kohler et al., 2002). The nonprotein amino acid S-aminobutyric
acid (BABA) protects Arabidopsis from infection with Peronospora parasitica.
BABA acts by potentiating the tissue to a stronger deposition of callose-containing
papillae at the fungal infection sites. In response to infection with virulent P. sy-
ringae, the effect of BABA manifests itself by a potentiation of the induction of
PR1 (Zimmerli et al., 2000). Interestingly, the effect of BABA against P. para-
sitica is independent of the SA, JA, and ethylene signaling pathways, whereas
BABA potentiation to P. syringae is dependent on SA signaling (Zimmerli et al.,
2000). Future experiments should elucidate the molecular mode of action of SA
in priming of defense responses.

The involvement of SA as a systemic mobile signal was also repeatedly ex-
plored. Since SA was detected in the phloem sap, it was initially proposed as
the primary signal for SAR that moves from the infected to the uninfected parts
of the plant (Malamy et al., 1990; Métraux et al., 1990). However, grafting and
leaf excision experiments indicate that while SA is a necessary component for the
induction of local and systemic resistance, it is not the primary mobile signal ex-
ported from the infected leaf to other parts of the plant (reviewed in Mauch-Mani
and Métraux, 1998). Radiolabeling experiments showed that SA synthesized after
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inoculation can be transported from the infected to the upper leaves by the phloem
before resistance was detectable (Molders et al., 1996; Shulaev et al., 1995). These
results might not be incompatible: SA produced in high amounts at infection sites
could be translocated together with another primary mobile signal and induce re-
sistance in the distal leaves. Progress in the search for a phloem-mobile signal was
recently made using the Arabidopsis dirl-1 mutant defective in systemic but not in
local induced resistance. DIR] encodes a putative apoplastic lipid-transfer protein
(Maldonado et al., 2002). Analyses of phloem exudates indicate that dirl-1 plants
are missing an essential mobile signal. The authors propose that DIR1 interacts
with a lipid-derived molecule to promote long distance signaling.

SA was also found to be involved in the signal transduction pathway for virus
resistance. In tobacco or in Arabidopsis, SA inhibits the replication or the move-
ment of several RNA viruses, independently of SA-induced PR proteins (Chivasa
et al., 1997; Murphy et al., 1999; Murphy and Carr, 2002; Naylor et al., 1998;
Wong et al., 2002). In tobacco and Arabidopsis, SA-mediated resistance can be
induced by cyanide and the mitochondrial electron transport inhibitor antimycin
A (AA) or inhibited by salicylhydroxamide acid, suggesting a role of the mito-
chondrial alternative oxidase (AOX) in virus resistance by an action on the level of
ROS in the cell (Maxwell et al., 1999; Murphy and Carr, 2002). AA, H,O,, and SA
disrupt the normal cytochrome-dependent functions of the mitochondria, lowering
the ATP levels and increasing the formation of ROS and AOX (Maxwell et al.,
1999; Maxwell et al., 2002). AOX is also induced by pathogen attack, indicating
that the same mechanism may act after virus infection (Simons et al., 1999). In
addition, plant cells treated with the AA, SA, and H, O, specifically express genes
that are involved in programmed cell death. This supports the hypothesis that mi-
tochondria transduce intracellular stress signals to the nucleus, leading to altered
defense gene expression (Maxwell et al., 2002).

7.4 Regulation of the SA-Dependent Pathway Leading
to PR-Gene Expression

An important element of the signal transduction pathway linking SA to de-
fense responses is the ankyrin-repeat containing protein NPR1 (NON-expressor of
PR)/NIM1 (NON-immunity) (Ryals et al., 1997; Cao et al., 1997). NPR1 function
is essential for the induction of SAR by pathogens or SAR-inducers, for disease
limitation after infection with virulent pathogens as well as for priming (Conrath
et al., 2002). Race-specific resistance is modified by NPRI in some cases only
(Cao et al., 1997; Delaney et al., 1995; Rate and Greenberg, 2001; Rairdan and
Delaney, 2002). NPRI was found to control certain SA-dependent processes re-
lated to cell death and cell growth (Vanacker et al., 2001; Greenberg, 2000). In
addition, NPR1 can actin a SA-independent pathway leading to ISR (Pieterse et al.,
1998).

NPR1 is localized in the cytoplasm in the absence of SA and locates to the
nucleus in the presence of SA, where it may act as transcriptional coactivator in a
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protein complex (Kinkema et al., 2000; Weigel et al., 2001). NPR1 interacts with
members of the TGA family of (3-ZIP transcription factors (Depres et al., 2000;
Fan and Dong, 2002; Zhang et al., 1999; Zhou et al., 2000) that may regulate
SAR positively or negatively (Lebel et al., 1998; Pontier et al., 2001). However,
not all NPR1-dependent genes that consistently cluster with PR/ in microarray
experiments have TGA factor binding sites. In fact, the WRKY factor binding site
is the overrepresented promoter element in the PRI gene cluster (Maleck et al.,
2000).

The NPRI gene is induced after pathogen infection or SA treatment via SA-
inducible members of the family of WRKY DNA-binding proteins (Robatzek and
Somssich, 2002; Yu et al., 2001). Overexpression of the WRKY 18 transcription
factor leads to a constitutive increase of PR-protein expression that causes detri-
mental effects to plant growth (Chen and Chen, 2002; Robatzek and Somssich,
2002). In contrast, overexpression of NPRI itself leads to enhanced resistance to
P. syringae and P. parasitica without leading to constitutive PR protein expression
and detrimental effects (Cao et al., 1998; Friedrich et al., 2001). NPRI overex-
pression also results in an enhanced effectiveness of fungicides making concepts
for combination of transgenic and chemical approaches for durable resistance at-
tractive (Friedrich et al., 2001). Interestingly, overexpression of the Arabidopsis
NPRI gene in rice leads to rice blast resistance, indicating that the signal trans-
duction pathway of disease resistance is conserved between monocots and dicots
(Chern et al., 2001). The search for suppressors of NPRI/NIMI identified the
novel nucleus-localized SNI1 protein that may act as a negative regulator of SAR
in wild-type plants (Li et al., 1999).

Several positive regulators of the SA-dependent pathway have been identified,
such as EDS1, PAD4, NDR1, and EDS4. EDS1 and PAD4 are two proteins of
unknown function containing a lipase-domain that are essential for the resistance
to P. syringae and P. parasitica mediated by proteins of the TIR-NB-LRR resistance
proteins (Falk et al., 1999; Feys et al., 2001; Jirage et al., 1999). The regulation
of SA accumulation might require an interaction of EDS1 with PAD4 (Feys and
Parker, 2000). EDSI1 is necessary for the transcriptional regulation of PAD4 and
both proteins are necessary for the expression of EDS5 leading to accumulation of
SA after pathogen attack and exposure to UV-C light (Nawrath and Métraux, 1999,
Zhou et al., 1998). The expression of EDSI and PAD4 can also be upregulated by
SA; and a positive feedback loop was postulated to amplify the SA pathway (Falk
et al., 1999; Jirage et al., 1999).

NDRI1, a small protein containing a membrane-spanning domain, is required
for resistance mediated by most R-genes of the CC-NB-LRR class (Century
et al., 1997; Aarts et al., 1998). Thus, NDR1 defines a different pathway than
EDSI1. NDRI1 contributes quantitatively to resistance depending on the respec-
tive R-gene. For example, the ability to induce cell death depends strongly on
NDRI1 when the RPS2 pathway is triggered; this dependence is weaker when
the RPM1 pathway is activated (Century et al., 1997; Tornero et al., 2002). A
link between ROS and SA production was observed in the ndr! mutant: SA
accumulation and SAR are impaired in ndrl after inoculation with P. syringae
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carrying the avrRpt2 gene, or after treatment with ROS (Shapiro and Zhang,
2001).

Negative regulators of the SA-pathway may be identified among the large num-
ber of mutants that have constitutive PR1 or PR2 expression, high levels of SA,
and an increased resistance to virulent strains of P. syringae and P. parasitica. In
general, these mutants are smaller than wild-type plants and many of them also de-
velop spontaneously HR-like lesions, as reviewed in Métraux and Durner, (2004).
For example, CPR proteins act at the beginning of the SA-signaling cascade up-
stream of EDS1 and PAD4 and regulate defense pathway in different ways, i.e.,
the dwarfism may be dependent on SA, as in cprl, or independent of SA, as in
cpr6 (Clarke et al., 2000; Jirage et al., 2001; Clarke et al., 2001). CPRS5 also acts
in the senescence pathway as well as in trichome development and has thus a very
pleiotropic effect, possibly leading to plant defense only indirectly (Bowling et al.,
1997; Boch et al., 1998; Kirik et al., 2001; Yoshida et al., 2002).

EDRI1, a MAPKKK of the CTR1 family, is likely to function at the top of a MAP
kinase cascade that negatively regulates SA-inducible defense response upstream
of EDS1, PAD4 and NPR1 (Frye et al., 1998; 2001). Since the edr/ mutant does
not exhibit constitutive PR/ expression, EDR1 might be a regulator of the priming
response (Conrath et al., 2002).

7.5 The Integration of Salicylic Acid in a Network
of Signal Processing

Besides SA, the phytohormones jasmonic acid (JA) and ethylene (ET) are two
of the most important signaling molecules involved in defense-related responses.
They are also involved in the expression of wound-responsive (WR) genes, some of
which are likely to have protective properties against microbial infection. JA and ET
mediate a variety of pathways that exhibit multiple forms of crosstalk interactions
(reviewed in Pieterse and van Loon, 1999; Genoud and Métraux, 1999; Feys and
Parker, 2000; Pieterse et al., this volume). For example, a concomitant activation
of the JA and ET pathways is required in Arabidopsis for the induction of the
antifungal plant defensin gene PDF'1.2 (Penninckx et al., 1998). The SA pathway
also exhibits different types of crosstalks with the JA/ET pathways (reviewed in
Reymond and Farmer, 1998; Genoud and Métraux, 1999; Genoud et al., 2001). The
Arabidopsis cpr5 and cpr6 mutants, which have elevated levels of SA and express
SAR constitutively, also express marker genes from the JA pathway (Bowling et al.,
1997; Clarke et al., 1998). CPRS and CPR6 regulate resistance through distinct
pathways, and SA-mediated, NPR1-independent resistance involves components
of the JA/ET-mediated pathways (Clarke et al., 2000). Similarly, the ssi/ mutation,
which bypasses the requirement of NPR1 for SAR function, makes the expression
of PDF1.2 SA-dependent (Shah et al., 1999). Also, in Arabidopsis, the eds4 and
pad4 mutations cause reduced SA levels in plants that exhibit a heightened response
to inducers of JA-dependent gene expression (Gupta et al., 2000). Another form
of crosstalk was observed in the hr/] mutant, where the expression of PDF1.2 is
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rendered partially NPRI- and SA/BTH-dependent. In hrll, ET plays an essential
role for the systemic expression of PRI and resistance to P. syringae, and an
impairment in JA-signaling leads to exaggerated cell death and strong dwarfism
(Devadas and Raina, 2002). In addition, a MAP kinase activity of Arabidopsis
(MPK4) has recently been shown to control the repression of SAR. In the mutant
mpk4 plants, SAR is dependent on elevated SA levels, but is independent of NPR1.
Interestingly, the activation of the JA-responsive genes PDF1.2 and THI2.1 was
blocked in mpk4 expressing NahG, suggesting the requirement of MPK4 in JA-
responsive gene expression (Petersen et al., 2000).

Plants integrate information simultaneously received from various environmen-
tal stimuli, and from the fluctuating context of their organ-specific activities, de-
velopmental stage, and metabolic status. The plasticity in the response of the plant
to its environment and to internal cues is also achieved through the use of alterna-
tive signaling pathways (Genoud and Métraux, 1999). For instance, SA-induced
resistance to P. syringae is compromised in eds4 Arabidopsis plants when grown
at 22°C and 85% relative humidity, but not when grown at 23°C and 50% relative
humidity (Gupta et al., 2000). Interestingly, several targets of nitric oxide (NO)
in animals, including guanylate cyclase and MAPKs (e.g., SIPK), are also modu-
lated by NO in plants. This observation suggests that a crosstalk exists between a
potential NO-signaling pathway and the SA pathway (Klessig et al., 2000).

Data from microarray analysis have recently proven to be invaluable to char-
acterize Arabidopsis plants in the context of different environmental and devel-
opmental scenarios. Using a microarray prepared with 2,375 expressed sequence
tags (ESTs) with a biased representation of putative defense-associated and reg-
ulatory genes, Schenk et al. (2000) characterized their expression levels in the
plant after inoculation with an incompatible fungal pathogen, or treatment with
SA, methyl-jasmonate (Me-JA) (a biologically active JA derivative), or ET. A sub-
stantial change in the steady-state abundance of 705 mRNAs was observed, out of
which 169 genes were regulated by multiple treatments, with the largest number
of coinduced or corepressed genes being responsive both to SA and Me-JA. In
a recent study, Chen et al. (2002) confirm that SA- and JA/ET-pathways inter-
act diversely (positively and negatively) to induce the expression or repression of
transcription factors in Arabidopsis upon infection with bacterial pathogens (of
the Pseudomonas species). In a related experiment, Maleck et al. (2000) exam-
ined transcriptional changes associated with the induction or maintenance of SAR
by using a DNA microarray representing approximately 7,000 genes. Gene activ-
ity patterns were compared under 14 different SAR-inducing or SAR-repressing
conditions; 413 ESTs exhibited differential expression equal to or greater than 2.5-
fold in at least two SAR-relevant samples. Two different algorithms were used to
generate a hierarchical “clustergram” and “self-organizing maps” (SOMs) to de-
fine groups of coregulated genes (Maleck et al., 2000). For instance, a molecular
marker for the PR1 gene clustered in SOM c1, which contained 45 ESTs (from a
maximum of 31 genes), suggesting that the genes in this regulon function in SAR.
Significantly, these genes showed a unique expression profile, being strongly acti-
vated in secondary SAR tissue and dependent on NIM1/NPR1/SAIl. Furthermore,
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the only cis-acting regulatory element present in all known promoters from SOM
cl is the binding site for WRKY transcription factors (W boxes: TTGAC). The
authors proposed that NIM1/NPR1/SAIl may mediate a WRKY-dependent dere-
pression of PR1 regulon genes, or alternatively, that it may drive early expression
of a subset of WRKY proteins that subsequently regulate other WRKY-dependent
SAR target genes.

Such microarray-based studies illustrate the power of this technique for the
analysis of complex signal transduction networks. Clearly, as this and other type
of large-scale approaches are further exploited to elucidate the mechanisms con-
trolling gene expression, it is necessary to simultaneously develop appropriate
computational-based systems that will enable accurate integration and represen-
tation of the increasing amount of data being generated (Genoud et al., 2001).

It is also known that a crosstalk between the light signal transduction and the
PR gene signaling pathways occurs in several plants. For instance, recent studies
with Arabidopsis and maize mutants developing spontaneously HR lesions, and
transgenic tomato expressing the R gene Pro, have suggested that light critically
influences the formation of defensive cell death in plants (Dietrich et al., 1994;
Martienssen, 1997; Tang, et al., 1999). Moreover, the light hypersensitive mutant
of Arabidopsis (psi2) produces HR-like lesions and increased PR1 expression on
leaves at high intensity of red light (Genoud et al., 1998). This indicates that a
crosstalk exists between red light and/or far-red light perception and PR expres-
sion signaling pathways. The psi2 mutant also exhibits a light-fluence-dependent
amplification of SA-induced PRI gene expression.

We have confirmed the observations that light regulates sensitivity to SA by
scoring the expression of PR genes in mutants containing no detectable phyA and
B proteins (phyA-phyB double mutants; Genoud et al., 2002). In these plants, the
expression of the PR genes elicited by either SA or BTH is strongly reduced, and
the mutant’s resistance to an ecotype-competent pathogen of the Pseudomonas
group was significantly attenuated. In addition, the measured SA levels in the
different mutants indicate that the endogenous level of SA is not modified by light,
further suggesting that phytochrome activity modulates the perception of SA.

Other environmental stimuli have been linked to the control of SA production
(i.e., they may modulate the SA-pathway upstream of SA production). In tobacco,
ultraviolet (UV)-C light or ozone mimic the effect of necrotizing pathogens, in-
ducing a transient increase in SA, in both exposed and unexposed leaves of the
plants (Yalpani et al., 1994). This accumulation of SA is paralleled by a higher pro-
duction of SA conjugate, also by the activation of a benzoic acid 2- hydroxylase,
and by an accumulation of PR1. In correlation, an elevated SAR to a subsequent
challenge with tobacco mosaic virus (TMV) has been observed. Hence, UV light,
ozone fumigation, and TMV activate common, or redundant, signaling pathways
leading to SA and PR-protein accumulation and SAR. As partial confirmation of
these results, both UV-C and ozone treatment strongly induce the accumulation
of SA and SA-conjugate in Arabidopsis (Nawrath and Métraux, 1999). Ozone-
and superoxide-induced ROS and cell death are differently controlled by JA and
ET, as shown in a description of an ozone-sensitive mutant of Arabidopsis (rcdl;
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Overmyer et al., 2000). ET perception and signaling promote ozone-activated cell
death while JA signaling might be responsible for the lesion containment. Thus,
JA, ET, and SA might contribute to the response of plants submitted to high ozone
exposure.

In barley, SA and aspirin were found to induce the accumulation of glycine
betaine, an osmoprotectant produced in response to cold, drought, and osmotic
stress (Jagendorf and Takabe, 2001), and SA added to the hydroponic growth
solution of young maize plants under normal growth conditions provides pro-
tection against subsequent low-temperature stress. This last effect might result
from the induction of antioxidative enzymes that lead to chilling resistance (Janda
et al., 1999). In tobacco cells, two MAPKSs, identified as SIPKs (SA-induced pro-
tein kinase) are activated in response to salt-induced hyperosmotic stress. One of
these SIPKs is a 40 kD protein, that is specific for the hyperosmotic stress and
is Ca?T-and abscisic acid (ABA)-independent (Hoyos and Zhang, 2000), there-
fore the MAP kinase system could play the role of connecting the salt- and the
SA-pathway. The interaction between ABA and SA is likely to differ depend-
ing on the branches of the pathways that interact, and also in function of the
plant species. For instance, ABA suppresses the SA-dependent defense in tomato
(Audenaert et al., 2002) and determines the basal susceptibility to B. cinerea. In the
reaction controlling the protection against heat-stress in Arabidopsis, both ABA
and SA (together with ET) have been shown to induce protective antioxidants
(Larkindale and Knight, 2002). This has been observed in physiological experi-
ments where ABA-insensitive mutant abil, ethylene-insensitive mutant etr/, and
SA-deficient plant NahG presented a reduction in heat-shock-induced antioxidant
production with a correlated decrease in survival. The application of SA, of an ET
generating substance, or ABA, have been shown to stimulate the survival of plants
exposed to heat-shock; since calcium mimics this effect, Larkindale and Knight
(2002) suggest that these crosstalks might be regulated by calcium signals.

7.6 Conclusions and Perspectives

Research on the role of SA in plants has witnessed a steady increase in interest
since the first publications on the possible role of SA in the regulation of SAR in
the early 1990s. Since then, the number of yearly publications on SA research has
followed an increase that does not appear to slow down. This results from a wide
recognition of the fundamental role of SA in plant defense and many aspects of
its complex mode of action are keenly investigated.

Turning toward the future, breakthroughs will include the identification and
characterization of additional signaling components in the SA pathway. For exam-
ple, one target of research will be the regulatory process that controls the local and
distal levels of SA. Another target will undoubtedly be the mode of action of SA
itself, its putative binding site and the responses thereof. The response of plants to
pathogens is far from a linear cascade of events but constitutes a complex network
that integrates information from the internal and external plant environment. The
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exploration of the properties of this network will be another major area of inves-
tigation. This approach will combine results of genome-wide expression analysis,
proteomics, metabolomics, mutant studies, as well as bioinformatics. We foresee
that computer simulations will be increasingly used to obtain a comprehensive
overview of the results.

The advances in this fundamental knowledge will also have an important im-
pact on agronomy. Discoveries of novel genes involved in various aspects of resis-
tance will direct the conventional selection procedures toward new varieties with
improved properties. Expression of such genes under inducible promoters will
eventually allow the regulation of pathways for various defense reactions alone
or in combination. The results obtained from studies of the network of resistance
will establish the parameters to be taken into account and to be optimized in
order to induce resistance using chemical inducers. Selection of biocontrol bac-
terial strains that enhance induced resistance of the plant will also profit from
the knowledge on the network of information operating in the plant during in-
teractions with pathogens. In summary, research on SA and plant defense will
undoubtedly undergo very exciting developments both in our understanding of the
related molecular and physiological processes, as well as in the direct or indirect
application of this knowledge in agronomy.
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Signaling in Plant Resistance
Responses: Divergence and
Cross-Talk of Defense Pathways

CORNE M.J. PIETERSE, ANDREAS SCHALLER, BRIGITTE
MAucH-MANI, AND UWE CONRATH

8.1 Introduction

Plants possess inducible defense mechanisms to protect themselves against at-
tack by microbial pathogens and herbivorous insects. The endogenous sig-
naling molecules salicylic acid, ethylene, and jasmonic acid, and the peptide
messenger systemin play important roles in the regulation of these induced de-
fense responses. Disease resistance of plants can also be induced by chemi-
cal agents, such as 2,6-dichloroisonicotinic acid, benzothiadiazole, and the non-
protein amino acid 3-aminobutyric acid. In most cases, these chemical agents
mimic or ingeniously make use of the same pathways that are activated by
the endogenous defense signals. This review is focussed on the current state
of research on signal transduction pathways involved in induced resistance
against pathogens and insects. Recent advances in induced resistance research
revealed that the signaling pathways involved are interconnected, resulting in
overlap, synergism, and antagonism between the different signal transduction
pathways. Divergence and crosstalk of pathways in defense response signaling
provide the plant with flexibility and the opportunity for fine-tuning of resis-
tance responses, thereby enabling it to cope with different forms of stress more
efficiently.

8.2 Salicylic Acid Induces Systemic Resistance Responses

Over the past decade it became increasingly clear that the endogenous signal sal-
icylic acid (SA) serves multiple roles in plants. For example, SA is involved in
the regulation of cell growth (Vanacker et al., 2001), flowering, and thermogenesis
(for reviews, see Malamy and Klessig, 1992; Raskin, 1992; Klessig and Malamy,
1994; Shah and Klessig, 1999). SA also plays a crucial role in plant defense against
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pathogens by affecting lesion formation (Weymann et al., 1995) and by activating
induced disease resistance (Dempsey et al., 1999; Shah and Klessig, 1999; Nawrath
et al., in this volume). The latter is variously referred to as systemic acquired
resistance (SAR) or induced systemic resistance (ISR). Although these terms are
synonymous (Hammerschmidtetal.,2001), we refer to the SA pathway-dependent,
induced disease resistance as SAR. SAR is characterized by a long-lasting resis-
tance against a broad spectrum of pathogens both at the initial infection site and in
the distal, uninoculated organs. The most compelling evidence for the important
role of SA in the onset of SAR comes from studies with transgenic tobacco and
Arabidopsis plants expressing the NahG gene from Pseudomonas putida. This
gene encodes a salicylate hydroxylase, which destroys the SA signal by convert-
ing it to catechol. Upon pathogen attack, NahG transgenic tobacco and Arabidop-
sis plants do not accumulate enhanced levels of SA nor do they establish SAR
(Gaffney et al., 1993; Delaney et al., 1994). The SAR state is activated by many
microbes that cause tissue necrosis but it can also be induced by exogenous ap-
plication of SA or its functional analogs 2,6-dichloroisonicotinic acid (INA) and
benzothiadiazole (BTH) (Ryals et al., 1996; Sticher et al., 1997; Dempsey et al.,
1999).

The onset of SAR is associated with an early increase in endogenous SA levels
and with the immediate expression of a specific set of so-called SAR genes, some
of which encode pathogenesis-related (PR) proteins (Ryals et al., 1996; Sticher
etal., 1997; Dempsey et al., 1999). While it is known that some PR proteins display
antimicrobial activity (Van Loon and Van Strien, 1999), their actual role in SAR is
still unclear and can depend on the plant-pathogen system. In fact, a strict corre-
lation between increased accumulation of PR proteins before challenge pathogen
attack and SAR has not always been observed. To gain a better understanding of
the mechanisms that contribute to SAR, it is necessary, therefore, to study further
defense-associated cellular events that are induced faster or to a greater extent
in attacked, SAR-protected plants. Such events include the activation of defense-
related genes other than those encoding PR proteins, and the deposition of callose
(Kohler et al., 2002).

In addition to SAR gene expression, SAR is also associated with priming (sen-
sitizing) which enhances the plant’s capacity for the rapid and effective acti-
vation of cellular defense responses, that are induced only upon contact with
a (challenging) pathogen (Kué, 1987; Katz et al., 1998; Conrath et al., 2002).
These responses include hypersensitive cell death (Mittler and Lam, 1996), cell
wall fortification (Hammerschmidt and Ku¢, 1982; Stumm and Gessler, 1986;
Schmele and Kauss, 1990), the production of reactive oxygen species (Doke et al.,
1996), and the activation of defense-related genes (Ryals et al., 1996; Sticher
etal., 1997).

The role of SA in PR gene expression as a part of SAR is discussed by Nawrath
et al. and will therefore not be discussed here in detail. This section of our review
will rather focus on the progress made in elucidating the role of SA in priming for
potentiated activation of cellular defense responses.
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8.2.1 Salicylic Acid-Induced Priming in a Cell
Culture Model System

Over the past 13 years, it has been reported that a pretreatment of parsley cell cul-
tures with low doses of the SAR inducers SA, INA, and BTH did not directly induce
various assayed, cellular defense responses (Kauss et al., 1992a; 1993; Kauss and
Jeblick, 1995; Thulke and Conrath, 1998; Katz et al., 1998; 2002). Yet, a preincuba-
tion with the SAR inducers primed the cells for potentiated (augmented) activation
of defense responses, that were subsequently induced by otherwise noninducing
doses of an elicitor from Phytophthora sojae cell walls (Kauss et al., 1992a; 1993;
Kauss and Jeblick, 1995; Thulke and Conrath, 1998; Katz et al., 1998; 2002).
The potentiated responses include the early oxidative burst (Kauss and Jeblick,
1995), a rapidly induced K*/pH response (Katz et al., 2002), the incorporation
into the cell wall of various phenolics and a lignin-like polymer (Kauss et al.,
1993), and the secretion of antimicrobial coumarin phytoalexins resulting from
an enhanced activity of coumarin biosynthetic enzymes (Kauss et al., 1992a) and
augmented expression of some of the genes encoding these enzymes (Kauss et al.,
1992a; 1993; Katz et al., 1998; Thulke and Conrath, 1998). In a similar manner, in
soybean suspension cells, physiological concentrations of SA strongly augmented
defense gene activation, HO, accumulation, and the hypersensitive necrosis re-
sponse (HR) that was induced by treatment with avirulent Pseudomonas syringae
pv. glycinea (Shirasu et al., 1997). However, since the SA-mediated potentiation
of defense responses in soybean cells did not depend on prolonged pre-treatment
with SA, this mechanism of regulation obviously differs from the time-dependent
priming in cultured parsley cells. Together, the observations made with parsley and
soybean suspension cells revealed that plant cell cultures can be suitable model
systems for studying the SA-, INA-, and BTH-induced priming for potentiated
activation of cellular plant defense responses.

8.2.2 Salicylic Acid Serves a Dual Role in the Activation
of Defense Responses

While elucidating the influence of SA and BTH on the activation of defense-
related genes in the parsley cell culture, it became obvious that the inducer’s effect
on gene activation depends on the gene that is being monitored (Katz et al., 1998;
Thulke and Conrath, 1998). One set of genes, such as those encoding anionic
peroxidase and mannitol dehydrogenase, was found to be directly induced by
relatively low concentrations of the two SAR inducers tested (Katz et al., 1998;
Thulke and Conrath, 1998). A second set of parsley defense-related genes, in-
cluding those encoding phenylalanine ammonia-lyase (PAL), 4-coumarate:CoA
ligase, intracellular PR-10 proteins and a hydroxyproline-rich glycoprotein, was
only faintly responsive to the treatment with relatively low concentrations of SA
or BTH. Yet, already at low inducer concentrations, these genes displayed SA- and
BTH-dependent potentiation of their expression following treatment with a low
elicitor dose (Katz et al., 1998; Thulke and Conrath, 1998). For instance, more than
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0.5 mmolar SA was required to activate PAL using only SA, whereas as little as
0.01 mmolar SA greatly potentiated the activation of the PAL gene by an otherwise
faintly inducing elicitor concentration (Thulke and Conrath, 1998). These results
revealed a dual role for SAR inducers in the activation of plant defense responses:
a direct one in the immediate induction of certain defense genes at higher inducer
concentrations, and an indirect one which requires only low doses of the induc-
ers to prime for potentiated activation of another class of defense genes. As the
potentiation by SA and BTH of both elicited PAL gene expression and coumarin
secretion strongly depended on an extended preincubation period, the SAR induc-
ers are assumed to mediate a time-dependent response that shifts the cells on the
alert (Katz et al., 1998; Thulke and Conrath, 1998). Whether this shift includes the
proposed synthesis of cellular factors with crucial roles in the coordination and
expression of cellular defense responses remained uncertain.

Similar observations to those made in parsley have been reported for cowpea
seedlings (Latunde-Dada and Lucas,2001). The BTH-mediated SAR response of
cowpea is associated with rapid and transient increases in the activity of PAL and
chalcone isomerase followed by accelerated accumulation of kievitone and phase-
ollidin phytoalexins in infected hypocotyls. These responses were not observed in
induced, uninoculated tissues, suggesting that the protection of cowpea seedlings
by BTH is mediated via potentiation of early defense mechanisms (Latunde-Dada
and Lucas,2001). In cucumber hypocotyls with INA-induced SAR (Fauth et al.,
1996), and in wounded soybean tissue (Graham and Graham, 1994), potentia-
tion was also detected for the development of elicitation competency. Whether
the enhanced induction of elicitation competency is based on a similar priming
mechanism to the one described above for parsley cells is unclear.

8.2.3 Activators of SAR Induce Priming in Arabidopsis

In Arabidopsis, BTH directly activates PR-/ and primes the plants for potenti-
ated PAL gene expression induced by phytopathogenic Pseudomonas syringae pv.
tomato (Pst) (Kohler et al., 2002). BTH-induced priming also augments both PAL
gene activation and callose deposition induced by either mechanically wounding
the leaves with forceps or infiltrating them with water (Kohler et al., 2002). These
observations with Arabidopsis not only confirm the above described dual role
for SAR inducers in the activation of cellular plant defense responses, they also
suggest that priming might be common to several signaling pathways, mediating
crosstalk between pathogen defense and wound or osmotic stress responses (see
below).

Intriguingly, when SAR was biologically induced by previous infection of Ara-
bidopsis with an avirulent strain of Pst, there was potentiated activation of both
the PAL and the PR-1 gene upon challenge infection with virulent Pst (Cameron
et al., 1999; Van Wees et al., 1999; Kohler et al., 2002). Priming is thus likely
to play an important role not only in chemically induced but also in pathogen-
activated SAR of plants. The same conclusion was drawn from studies with SA-
primed transgenic tobacco plants displaying potentiated expression of chimeric
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Asparagus officinalis PR-1::GUS and PAL-3::GUS defense genes after wounding
or pathogen attack (Mur et al., 1996). The Arabidopsis edr] mutant constitutively
displays enhanced resistance to Pst (strain DC3000) and to the fungal pathogen
Erisyphe cichoracearum (Frye and Innes, 1998). Interestingly, edrl differs from
other enhanced disease resistance mutants because it shows no constitutive ex-
pression of PR-1 and PR-2, although transcripts of both of these genes accumulate
after pathogen attack. This finding, and the fact that edrl shows stronger expres-
sion of defense responses, such as the HR and callose deposition, after infection
strongly suggest an involvement of EDR1 in priming. EDRI codes for a putative
mitogen-activated protein kinase kinase kinase (MAPKKK) and mediates disease
resistance via SA-inducible defense responses (Frye et al., 2001). Future muta-
tional approaches in Arabidopsis are expected to yield more genes that play a role
in priming.

The Arabidopsis nprl mutant (also known as nim/ or sail) accumulates wild-
type levels of SA when treated with avirulent pathogens but is unable to mount
biologically or chemically induced SAR (Cao et al., 1994; Delaney et al., 1995;
Shah et al., 1997). Interestingly, the potentiation by BTH-priming of both Pst-
induced PAL gene activation and wound- or water infiltration-induced PAL gene
expression and callose deposition are absent in nprl (Kohler et al., 2002). The
Arabidopsis cprl and cpr5 mutants, on the other hand, which express constitutive
SAR in the absence of a pretreatment with SAR inducers (Bowling et al., 1994;
1997), are permanently primed for potentiated PAL gene activation by Pst infection
and for augmented PAL gene expression and callose deposition upon wounding
or water infiltration (Kohler et al., 2002). Constitutive priming in cprl and cpr5
could be due to the expression of a multiplicity of defense-related genes in these
plants, or the activation of other stress response mechanisms besides SAR (Boch
et al., 1998; Clarke et al., 2001), although these possibilities remain remote. More
likely, however, the enhanced levels of SA in c¢prl and cpr5 (Bowling et al., 1994;
1997) cause a permanently primed (alarm) state. Because of constitutive priming,
cprl and cpr5 might be able to rapidly and effectively induce their various cellular
defense mechanisms, thus leading to enhanced resistance to pathogens, wounding,
or water infiltration (Kohler et al., 2002). In this context it is noteworthy that
the constitutively enhanced pathogen resistance of another Arabidopsis mutant,
cpr5-2, has been ascribed to the potentiated induction of the PR-1 gene upon
infection with virulent Pseudomonas syringae strains (Boch et al., 1998). There is
evidence that a null eds/ mutation suppresses the disease resistance of both cprl
and cpr6 but only partially that of cpr5, indicating a different requirement of CPR
genes for EDS1 (Clarke et al., 2001). EDSI1 also likely plays a role in priming in
connexion with PAD4 (Jirage et al., 2001). Although both proteins act upstream
of pathogen-induced SA accumulation, their expression can be potentiated by
SA-pre-treatment of the plants. It has been proposed that EDS1 is involved in the
amplification of defense responses, possibly by associating with PAD4 (Feys et al.,
2001).

The strong correlation between the presence of SAR and priming supports
the conclusion that priming is an important mechanism for SAR in plants. This
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assumption is further substantiated by the close correlation between the ability
of various chemicals to induce SAR against tobacco mosaic virus (TMV) in to-
bacco (Conrath et al., 1995) and their capability to prime for potentiated PAL
expression induced by either elicitor treatment in parsley cells (Katz et al., 1998;
Thulke and Conrath, 1998) or Pst infection, wounding, or water infiltration in
Arabidopsis plants (Kohler et al., 2002). In addition, in NahG-transgenic tobacco
plants that are unable to establish SA-mediated priming, both the onset of the HR
and the activation of an active oxygen-responsive chimeric Asparagus officinalis
PR-1::GUS reporter gene were significantly delayed when infected with avirulent
Pseudomonads. The attenuation of priming and the loss of potentiated production
of active oxygen species were accompanied by a lack of resistance to the bacteria
(Mur et al., 2000). Furthermore, overexpressing the disease resistance gene PT15
in tomato potentiates pathogen-induced defense gene expression and enhances the
resistance to Pst (He et al., 2001). Finally, a complete or partial inactivation of the
MLO protein was shown to prime young barley seedlings for potentiated induction
of defense responses associated with enhanced resistance against powdery mildew
(Biischges et al., 1997).

8.3 Jasmonic Acid and Ethylene: Important Signals
in Plant Defense Responses

Apart from SA, the defense signaling molecules jasmonic acid (JA) and ethylene
(ET) have also been implicated in the regulation of resistance responses. In many
cases, infection by microbial pathogens and attack by herbivorous insects was
shown to be associated with enhanced production of these phytohormones and a
concomitant activation of distinct sets of defense-related genes (De Laat and Van
Loon, 1981; Gundlach et al., 1992; Pefia-Cortés et al., 1993; Mauch et al., 1994,
Reymond et al., 2000; Schenk et al., 2000). Compelling evidence for a role of JA
and ET in disease resistance came from genetic analyses of mutants and transgenic
plants that are affected in the biosynthesis or perception of these compounds. In
many plant—pathogen interactions, JA and ET appeared to be involved in local
and/or systemic induction of defense responses.

8.3.1 Genetic Evidence for a Role of Jasmonic Acid and
Ethylene in Pathogen Resistance

Genetic evidence of a role for JA in plant defense came particularly from anal-
yses of Arabidopsis mutants affected in the biosynthesis or perception of JA.
The JA-response mutant coil displays enhanced susceptibility to the necrotrophic
fungi Alternaria brassicicola and Botrytis cinerea (Thomma et al., 1998), and the
bacterial soft-rot pathogen Erwinia carotovora (Norman-Setterblad et al., 2000).
Another JA-insensitive Arabidopsis mutant, jarl, allows enhanced growth of Pst
in the leaves (Pieterse et al., 1998). These findings demonstrate that JA-dependent
defense responses contribute to the basal resistance of Arabidopsis against
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different microbial pathogens. Furthermore, both jar! and the fad3 fad7 fad$ triple
mutant of Arabidopsis, which is deficient in the biosynthesis of the JA precursor
linolenic acid, exhibit susceptibility to normally nonpathogenic soilborne Pythium
spp. (Staswick et al., 1998; Vijayan et al., 1998), indicating that JA also plays a
role in nonhost resistance. A role for JA in defense against herbivorous insects is
indicated by the observation that the Arabidopsis fad3 fad7 fad8 mutant exhibited
extremely high mortality after attack by larvae of the common saprophagous fun-
gal gnat, Bradysia impatiens (McConn et al., 1997). Furthermore, a JA-deficient
tomato mutant, def-1, was found to be compromised in the wound-inducible ex-
pression of defense genes and resistance to Manduca sexta larvae (Howe et al.,
1996).

The role of ET in plant resistance seems more ambiguous. In some cases, ET is
involved in disease resistance, whereas in other cases it is associated with symptom
development. For instance, several ET-insensitive mutants of Arabidopsis have
been reported to exhibit enhanced susceptibility to B. cinerea (Thomma et al.,
1999), Pst (Pieterse et al., 1998), and E. carotovora (Norman-Setterblad et al.,
2000), indicating that ET-dependent defense responses contribute to basal resis-
tance against these pathogens. A similar phenomenon was observed in tomato
and soybean mutants with reduced sensitivity to ET, which developed more se-
vere symptoms when infected by the fungal pathogens B. cinerea (Diaz et al.,
2002), Septoria glycinea, or Rhizoctonia solani (Hoffman et al., 1999). In addi-
tion, ET-insensitive tobacco plants transformed with the mutant ET receptor gene
etr]l from Arabidopsis displayed susceptibility to the normally nonpathogenic
oomycete Pythium sylvaticum (Knoester et al., 1998). Thus, ET obviously also
plays a role in nonhost resistance. In other cases, reduced ET sensitivity was as-
sociated with disease tolerance. For example, ET-insensitive tomato genotypes
allowed growth of virulent Pst and Xanthomonas campestris pv. vesicatoria to
levels similar to those in wild-type tomato plants, but developed less severe dis-
ease symptoms (Lund et al., 1998; Ciardi et al., 2000). A similar phenomenon was
found in the ET-insensitive ein2 mutant of Arabidopsis, which displayed increased
tolerance to virulent Pst and X. campestris pv. campestris (Bent et al., 1992). In
addition, soybean mutants with reduced sensitivity to ET developed disease symp-
toms similar or less-severe than those in the wild type when infected with the
bacterial pathogen P. syringae pv. glycinea or the oomycete Phytophthora sojae
(Hoffman et al., 1999). In these interactions, ET is clearly involved in symptom
development, rather than in disease resistance.

The dual role of ET in plant defense might reflect its involvement in various
physiological processes in the plant. ET plays an important role in senescence
(Abeles et al., 1992) and lesion development of hypersensitively reacting plant
tissues (Knoester et al., 2001). Since necrotrophic pathogens feed on dead cells,
both functions of ET might be favorable for the development of disease caused
by such types of pathogens. Biotrophic pathogens, in contrast, need living cells to
complete their life cycle. Thus, the same functions of ethylene might help to restrict
these types of pathogens. Support for this hypothesis comes from experiments with
hypersensitively reacting Arabidopsis plants. On the one hand, the hypersensitively
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responding tissue was more susceptible to infection by the necrotrophic fungi B.
cinerea and Sclerotinia sclerotiorum, but, on the other hand, inhibited the growth
of biotrophic pathogens (Govrin and Levine, 2000).

8.3.2 Jasmonic Acid- and Ethylene-Mediated Induced
Defenses against Pathogens

Besides their role in basal resistance, JA and ET also function as key regulators
in induced defense responses that act systemically to enhance resistance against
subsequent pathogen attack. For instance, infection of Arabidopsis with the fungal
pathogen A. brassicicola results in local and systemic activation of the PDF1.2
gene, encoding a plant defensin with anti-fungal properties. Mutant analysis re-
vealed that PDF 1.2 gene expression is regulated through a JA- and ET-dependent
signaling pathway that functions independently of SA (Penninckx et al., 1996;
1998). Another example comes from studies on the interaction between the bac-
terial pathogen E. carotovora and its host plants tobacco and Arabidopsis. In-
fection of leaves of these plants with E. carotovora, or treatment of the leaves
with elicitors of this pathogen, activated an SA-independent systemic resistance
and a set of defense-related genes that differs from that induced upon exogenous
application of SA (Vidal et al., 1997; Norman-Setterblad et al., 2000). Interest-
ingly, most of the E. carotovora-induced genes appeared to be regulated by JA
and ET.

Another type of JA/ET-dependent induced pathogen resistance is triggered by
selected strains of nonpathogenic rhizosphere bacteria. Strains that were isolated
from naturally disease-suppressive soils, mainly fluorescent Pseudomonas spp.,
were found to promote plant growth by suppressing soilborne pathogens. This
biological control activity is effective under field conditions (Zehnder et al., 2001)
and in commercial greenhouses (Leeman et al., 1995), and can be the result of
competition for nutrients, siderophore-mediated competition for iron, antibiosis,
or secretion of lytic enzymes (Bakker et al., 1991). Some of the biological control
strains reduce disease through a plant-mediated mechanism that is phenotypically
similar to pathogen-induced SAR, as the induced resistance is systemically ac-
tivated and is effective against various types of pathogens. This type of induced
disease resistance is referred to here as rhizobacteria-mediated induced systemic
resistance (ISR) (Van Loon et al., 1998; Pieterse et al., 2002). In Arabidopsis,
rhizobacteria-mediated ISR activated by Pseudomonas fluorescens WCS417r and
Pseudomonas putida WCS358r has been shown to function independently of SA
and PR gene activation (Pieterse et al., 1996; Van Wees et al., 1997). Instead,
rhizobacteria-mediated ISR signaling requires JA and ET, because Arabidopsis
mutants impaired in their ability to respond to either of these two phytohormones
are unable to express ISR (Pieterse et al., 1998; Ton et al., 2001; 2002a). The state
of rhizobacteria-mediated ISR is not only independent of PR gene expression,
but is also not associated with the activation of other known defense-related genes
(Van Wees et al., 1999). Upon challenge with a pathogen, however, ISR-expressing
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plants show enhanced expression of certain JA- and ET-responsive genes such as
AtVSP, PDF1.2, and HEL (Van Wees et al., 1999; Hase and Pieterse, unpublished
observations), suggesting that ISR-expressing tissue is primed to activate specific
JA- and ET-inducible genes faster and/or to a higher level upon pathogen attack.
As mentioned above, the priming phenomenon has already been observed in other
processes in plants responding to stress signals and is regarded to enhance the
plant’s ability to defend itself against different types of biotic or abiotic stress
(Conrath et al., 2002).

8.3.3 Priming of Defense Responses During
Rhizobacteria-Mediated ISR

Although expression of rhizobacteria-mediated ISR in Arabidopsis requires an
intact response to both JA and ET (Pieterse et al., 1998), the analysis of local
and systemic levels of these plant hormones revealed that ISR is not associated
with changes in the production of these signals (Pieterse et al., 2000). This finding
suggests that ISR is based on an enhanced sensitivity to these plant hormones
rather than on an increase in their production. If this is true, ISR-expressing plants
are primed to react faster or more strongly to JA and ET produced after pathogen
attack.

The hypothesis that ISR may be based on an enhanced sensitivity to JA is sup-
ported by the finding that the expression of the JA-inducible gene ArVSP was
potentiated in ISR-expressing leaves after challenge with Pst (Van Wees et al.,
1999). In the same study, the expression of several other JA-responsive genes
was tested as well, but these failed to show an enhanced expression level in ISR-
expressing leaves, suggesting that ISR in Arabidopsis is associated with potenti-
ation of a specific set of JA-responsive genes. Potentiation of defense responses
by JA has been reported in other systems as well. For instance, pre-treatment with
methyl jasmonate potentiates the elicitation of various phenylpropanoid defense
responses in parsley suspension cell cultures (Kauss et al., 1992b) and primes them
for enhanced induction of the early oxidative burst (Kauss et al., 1994). Moreover,
JA potentiates the expression of the PR-1 gene in rice and the level of resistance
against Magnaporthe grisea induced by low doses of INA (Schweizer et al., 1997).

The role of ethylene in priming is more complex. After treatment with a sat-
urating dose of 1 millimolar of the ethylene precursor 1-aminocyclopropane-1-
carboxylate (ACC), ISR-expressing plants emit significantly more ethylene than
ACC-treated control plants (Pieterse et al., 2000). Evidently, the capacity to convert
ACC to ethylene is increased in ISR-expressing plants. Because in infected tis-
sues, ACC levels rapidly increase as a result of pathogen-induced ACC synthase
activity, the enhanced ACC-converting capacity of ISR-expressing plants likely
primes the plant for a faster or greater production of ethylene upon pathogen at-
tack. In Pst-infected Arabidopsis plants induced for ISR, the production of ET was
indeed enhanced during the first 24 hours after infection compared to uninduced
plants (Hase and Pieterse, unpublished observations). Interestingly, exogenous ap-
plication of ACC has been shown to induce resistance against Pst in Arabidopsis
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(Pieterse et al., 1998). Therefore, a faster or greater production of ET in the ini-
tial phase of infection might contribute to the enhanced resistance against this
pathogen.

8.4 Systemins: Peptide Signals in The Systemic
Wound Response

In the early 1970s, Green and Ryan (1972) observed an accumulation of proteinase
inhibitors (PIs) in tomato and potato plants after herbivore-induced or mechanical
wounding in both the injured leaves and undamaged parts of the plants. In this
landmark study, Green and Ryan (1972) suggested this systemic reaction to be
an inducible defense response directed against herbivorous insects. It is now clear
that the systemic wound response is not limited to proteinase inhibitors but rather
includes a large number of proteins which may contribute, directly or indirectly,
to enhanced insect resistance in many plant species (Constabel, 1999; Reymond
et al., 2000; Ryan, 2000; Walling, 2000). The wound response in the Solanaceae
attracted considerable attention over the past 30 years and has developed into a
model system of long-distance signaling in plants. Much effort has been devoted
to the identification of a hypothetical wound signal that is generated at the site of
injury, transmitted throughout the aerial parts of the plant, and capable of inducing
the expression of defense genes in undamaged tissues. Physical stimuli such as
hydraulic waves that result from the release of xylem tension upon wounding or
action and variation potentials have been implicated in the wound signal transduc-
tion process, as well as chemical signaling molecules including JA, ET, abscisic
acid, oligogalacturonides (OGAs), and systemins. The activity of these signals and
their contribution to long-distance signal transduction has been covered in several
reviews (Schaller and Ryan, 1995; Bowles, 1998; Ryan, 2000; de Bruxelles and
Roberts, 2001; Leén et al., 2001) and is also discussed by Korth and Thomp-
son (this volume). This section will instead focus on systemins, their discovery,
activity, and signaling properties.

8.4.1 Systemins in Different Plant Species

The systemic wound response of tomato plants is characterized by the accumu-
lation of a large number of defense proteins (systemic wound response proteins,
SWRPs) (Ryan, 2000). A search for the hypothetical signaling molecule(s) that
allows tomato plants to respond systemically to a local stimulus (i.e., wounding),
led to the identification of the first plant peptide with a signaling function in 1991
(Pearce et al., 1991; Ryan, 1992). A 18-amino-acid peptide was isolated from the
leaves of tomato plants on the basis of its ability to induce the expression of SWRPs
using a sensitive bioassay. The peptide was named “systemin” to emphasize its
central role as an inducing compound and the systemic nature of the response
(Pearce et al., 1991). Based on the systemin amino acid sequence, the cDNA and
gene of prosystemin were cloned, and found to encode a systemin precursor of
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200 amino acids (McGurl and Ryan, 1992; McGurl et al., 1992). The systemin
sequence is found close to the C-terminus of the precursor. There is a single gene
for prosystemin in the haploid tomato genome from which two different polypep-
tides are derived by differential splicing of the pre-mRNA. The polymorphism is
located in the nonsystemin portion of the polypeptides and does not seem to affect
their wound signaling properties (Li and Howe, 2001). Highly similar prosys-
temins have been identified in closely related plant species (potato, bell pepper,
and black nightshade) exhibiting 73—-88 % identity with the tomato sequence, but
not outside the family of Solanaceae (Constabel et al., 1998). Homology-based
approaches failed to identify prosystemin in the more distantly related tobacco.
A search for tobacco signaling molecules functionally related to tomato systemin
identified two 18-amino-acid peptide inducers of PI synthesis in tobacco leaves
(Pearce et al., 2001). The two peptides are derived from a single precursor protein
of 165 amino acids. The precursor of the tobacco systemins is not homologous
to the previously identified prosystemins from other Solanaceae but contains se-
quence motifs present also in hydroxyproline-rich cell wall glycoproteins (Pearce
et al., 2001). Likewise, tobacco systemins themselves bear no structural similar-
ity to tomato systemin. Therefore, systemins are now considered to represent a
structurally diverse group of polypeptides that are produced in injured plants and
function as signaling molecules in the activation of defense genes (Pearce et al.,
2001). Systemic responses to herbivore attack have been documented in more than
100 plant species (Karban and Baldwin, 1997). It will be interesting to see which
proteins exert systemin function in these plants and whether or not further distinct
proteins have evolved to perform