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ForewordForeword

A multitude of fungi and funguslike organisms cause diseases in
plants, resulting in significant crop losses and damage to natural eco-
systems. Nevertheless, plants can withstand attacks by most fungal
pathogens, resulting in one of the central tenets of plant pathology:
Most plants are resistant to most plant pathogens. This book ad-
dresses in seven highly readable chapters the topic of how plants fend
off fungal pathogens. Zamir Punja recruited an impressive team of
experts on the subject, resulting in a well-balanced account of the
molecular, cellular, and physiological aspects of plant resistance to
fungal and oomycete pathogens. This book fulfills the need for a
sound overview of the field and is an excellent springboard to the liter-
ature. It not only will serve as a beneficial reference to those familiar
with the subject but will be equally useful to students and newcomers
to the field. Many will appreciate the short historical perspectives in-
cluded in most chapters, and a good balance between basic and ap-
plied aspects of fungal disease resistance research will make the book
attractive to a wide range of readers.

This is a timely book. Despite the impressive advances made in un-
derstanding fungal-plant interactions, important scientific, social,
and commercial challenges remain to be addressed before the hu-
mane hope of bringing genetic engineering of fungal resistance to the
field can be achieved. The future looks bright though. The pace of ba-
sic discovery is accelerating mainly due to the application of novel
genome technologies to this field. No one has grasped better the criti-
cal importance of a solid and broad knowledge base in the study of
fungal pathology than E. C. Large, whose 1940 classic book The Ad-
vent of the Fungi was reprinted recently with great success (my own
copy is a worn-out 1962 Dover edition I snatched years ago from a
Berkeley bookstore). Large wrote:

The best that man could do at any time to defend the health of
the hypertrophic agricultural plants that in his cunning he had



sought ought or made, was to apply to the work of rearing them
the whole of his experience and the whole of his science. (p. 439)

Reading through the diverse chapters of the present book provides
a clear view of the modern multifaceted investigations of fungal-
plant interactions that expand the tradition defined by Large. It also
reinforces a sense of excitement about the years to come and the dis-
coveries to be made.

Sophien Kamoun
The Ohio State University

Ohio Agricultural Research and Development Center,
Wooster



PrefacePreface

Throughout history, fungal infection of crop plants has repeatedly
resulted in catastrophic harvest failures that have caused major eco-
nomic and social problems in the affected countries. Intensified re-
search to uncover the genetic and molecular bases of how plants can
defend themselves against microbial invasion has led to some re-
markable discoveries. These advances have led to the development of
crop plants with enhanced resistance to fungal pathogens. In this
book, recent developments in the area of fungal disease resistance in
plants are highlighted. Details on the cellular responses of resistant
plant cells, modes of signal transduction, roles of the hypersensitive
response in plants and fungal avirulence factors, induced resistance
mechanisms, roles of pathogenesis-related proteins, and genetic en-
gineering approaches to enhance disease resistance are provided.
Taken together, these topics cover a breadth not provided anywhere
else and will bring the reader up to date on recent developments in
this seminal area of crop protection.



Chapter 1

Signal Transduction in Plant Defense Responses to Fungal
Infection

Signal Transduction
in Plant Defense Responses

to Fungal Infection
Dierk Scheel

Thorsten Nuernberger

INTRODUCTION AND BACKGROUND

Fungal infection of crop plants has repeatedly resulted in cata-
strophic harvest failures that have caused major economic and social
problems in the affected countries. Among the causal agents of infec-
tious crop plant diseases, phytopathogenic fungi and oomycetes play
the dominant role (Kamoun, 2001; Knogge, 1998). The potential for
serious crop epidemics still persists today, as evidenced by recent
outbreaks of diseases caused by rust, mildew, or Phytophthora spe-
cies. In addition to causing food shortages, fungal infection of plants
can directly affect the health of humans and livestock through poison-
ing by toxins. Classical attempts at limiting these losses in agriculture
are commonly based on extensive use of fungicides, which in turn
causes environmental problems. More recently, genetic engineering
of crop plants has allowed expression of new or modified traits, such
as enhanced disease resistance (see Chapter 7). It should, however, be
stated clearly that genetic engineering for disease resistance is still
very much in its infancy. In addition, such approaches are signifi-
cantly impeded by the tendency of pathogens to develop resistance.
Thus intensified research uncovering the molecular basis of both fun-
gal pathogenicity and plant disease resistance is required to better
protect crop plants against microbial invasion.



Approximately 10 percent of all fungi and oomycetes have ac-
quired the ability to colonize plants or to cause disease (Knogge,
1998). Although individual plant species are hosts often to only a
small number of microbial species, and most pathogens colonize
only a few host plant species, virtually all flowering plants are subject
to infection by phytopathogenic oomycetes or fungi (Knogge, 1998).
Oomycetes, which comprise species of the phytopathogenic genera
Phytophthora, Pythium, Peronospora, Bremia, and Plasmopara, con-
stitute a unique lineage of stramenopile eukaryotes unrelated to true
fungi but are closely related to heterokont algae (Govers, 2001;
Kamoun, 2001). In spite of the distant phylogenetic relationship be-
tween oomycetes and fungi, both classes of microorganisms share a
number of common physiological features, including strategies to in-
vade plants (Tyler, 2002). Thus the plant-fungal as well as the plant-
oomycete interactions are considered in this chapter.

Phytopathogenic fungi and oomycetes are eukaryotic, carbon-
heterotrophic microorganisms which, in order to grow and multiply,
must obtain nutrients from their hosts. Fungal infection strategies can
be divided into two major categories: (1) biotrophic microorganisms
which colonize and grow on living hosts and (2) necrotrophic patho-
gens that kill host tissue and live on dead material. In many cases,
however, attempted fungal penetration and growth on host plants is
arrested by a complex, multifaceted plant defense response compris-
ing rigidifications of the plant cell wall at the infection site, the pro-
duction of antimicrobial plant proteins (see Chapter 5), enzymes and
phytoalexins, as well as programmed plant cell death, termed the hy-
persensitive response (see Chapter 3).

Activation of disease resistance responses in plants occurs at the
non-cultivar-specific level (nonhost or species resistance, non-cul-
tivar-specific host resistance) or at the cultivar level (cultivar-specific
host resistance) (Cohn et al., 2001; Dangl and Jones, 2001; Heath,
2000; Kamoun, 2001; Nürnberger and Scheel, 2001). Cultivar-spe-
cific resistance, which is expressed only by particular plant cultivars
against some races of a pathogen species, conforms to the gene-for-
gene hypothesis and is genetically determined by complementary pairs
of pathogen-encoded avirulence (Avr) genes and plant resistance (R)
genes (Cohn et al., 2001; Dangl and Jones, 2001; Takken and Joosten,



2000; Van der Hoorn et al., 2002) (see Chapter 4). Lack or nonfunc-
tional products of either gene would result in disease.

Most AVR proteins are considered virulence factors required for
the colonization of host plants, which, upon recognition by resistant
host plant cultivars, act as specific elicitors of plant defense and
thereby betray the pathogen to the plant’s surveillance system (Cohn
et al., 2001; Dangl and Jones, 2001; Van der Hoorn et al., 2002). A
simple biochemical interpretation of the gene-for-gene hypothesis
implies a receptor/ligand-like interaction between plant R gene prod-
ucts and the corresponding pathogen-derived AVR gene products.
However, isolation and functional characterization of numerous plant
R genes conferring resistance to a variety of phytopathogenic viruses,
bacteria, oomycetes, fungi, nematodes, and insects suggests that the
situation is likely to be more complex in many plant-pathogen inter-
actions (Cohn et al., 2001; Dangl and Jones, 2001; van der Biezen
and Jones, 1998; Van der Hoorn et al., 2002).

The predominant structural motifs found in R proteins are leucine-
rich repeats (LRRs) and coiled coils (CCs), both of which suggest a
role in protein-protein interactions. Direct interactions between AVR
proteins and R proteins have indeed been demonstrated (reviewed in
Cohn et al., 2001; Dangl and Jones, 2001; Nürnberger and Scheel,
2001; Van der Hoorn et al., 2002). However, several studies have pro-
vided evidence that LRR-type R proteins constitute components of
larger signal-perception complexes and may not necessarily bind di-
rectly to their matching AVR proteins (Luderer et al., 2001; Nürn-
berger and Scheel, 2001). This has led to the “guard hypothesis,”
which predicts that AVR proteins act as virulence factors that contact
their cognate pathogenicity targets in host plants or even nonhost
plants, but function only as elicitors of cultivar-specific plant resis-
tance when the complementary R protein is recruited into a func-
tional signal-perception complex (Cohn et al., 2001; Dangl and
Jones, 2001; van der Biezen and Jones, 1998; Van der Hoorn et al.,
2002). Thus the role of the R protein is to monitor (“guard”) AVR-
mediated perturbance of cellular functions.

Immunity of an entire plant species (non-host or species resis-
tance) toward most phytopathogenic microorganisms is the predominant
form of plant disease resistance (Heath, 2000). Infrequent changes in the
host range of phytopathogens are indicative of the stability of species



immunity. This resistance type is determined by a defensive network
comprising both constitutive barriers and inducible reactions (Heath,
2000; Kamoun, 2001). A large variety of microbe-associated prod-
ucts, referred to as “general elicitors,” have been described to trigger
defense responses in many plant species in a non-cultivar-specific
manner (Boller, 1995; Nürnberger and Brunner, 2002). However, it
has remained poorly understood why plants would possess recogni-
tion capacities for such “antigenic” signals. Recent publications have
unveiled striking similarities in the molecular basis of innate immu-
nity in plants with that known for insects and animals. In 1997, a set
of definitions was provided to formalize the description of the com-
ponents of the mammalian innate immune system (Medzhitov and
Janeway, 1997). These authors referred to pathogen surface-derived
molecules as pathogen-associated molecular patterns (PAMPs), which
bind to pattern recognition receptors and thereby trigger the trans-
criptional activation of immune response genes and subsequent pro-
duction of antimicrobial compounds (Boman, 1998).

Innate immune responses have been thoroughly studied in hu-
mans, mice, and insects, and it was shown that their molecular basis
shows remarkable evolutionary conservation across kingdom borders
(Aderem and Ulevitch, 2000; Imler and Hoffmann, 2001; Khush and
Lemaitre, 2000; Medzhitov and Janeway, 1997; Underhill and Ozin-
sky, 2002). PAMPs that have been shown to trigger innate immune re-
sponses in various vertebrate and nonvertebrate organisms include
the lipopolysaccharide (LPS) fraction of Gram-negative bacteria,
peptidoglycans derived from Gram-positive bacteria, eubacterial fla-
gellin, bacterial DNA, as well as fungal cell wall–derived glucans,
chitins, mannans, and proteins (Aderem and Ulevitch, 2000; Hemmi
et al., 2000; Imler and Hoffmann, 2001; Thoma-Uszynski et al.,
2001; Underhill and Ozinsky, 2002). Intriguingly, many of these mol-
ecules have long been recognized to be triggers of non-cultivar-spe-
cific defense responses in a multitude of plants (Boller, 1995; Dow
et al., 2000; Ebel and Scheel, 1997; Heath, 2000; Nürnberger and
Brunner, 2002; Tyler, 2002). This suggests that plants, similar to nu-
merous other eukaryotic organisms, have evolved recognition sys-
tems for common pathogen-associated surface structures, which ini-
tiate intracellular signaling cascades and, ultimately, the activation of
protective measures.



Regardless of the type of resistance employed, activation of the
plant’s surveillance system requires sensitive perception of patho-
gen-derived molecular patterns or motifs. Because manipulation of
signal-transduction pathways is believed to be one of the ways to en-
gineer crop plants with enhanced disease resistance, research in this
area has gained enormous momentum in recent years. This chapter
reviews recent advances in our understanding of signal perception
and transduction events implicated in the establishment of plant dis-
ease resistance against phytopathogenic oomycetes and fungi.

SIGNALS AND SIGNAL DELIVERY
IN PLANT-FUNGUS/OOMYCETE INTERACTIONS

Research over the past decade has demonstrated that plants have
evolved recognition capacities for numerous fungal surface-derived
compounds with plant defense-inducing activity, in both host and
non-host plants (Boller, 1995; Dow et al., 2000; Nürnberger and
Brunner, 2002). These elicitors (termed “general elicitors”) comprise
(glyco)proteins, peptides, carbohydrates, and lipids, all of which
were shown to trigger the activation of plant defense responses. The
intrinsic function of such elicitors in the life cycle of the respective
fungi or oomycetes remains elusive. Based on their constitutive pres-
ence in the cell wall, such elicitors may, however, constitute struc-
tural components or enzymes. Examples of enzymes having elicitor
activity comprise xylanases from Trichoderma reesei, or transglut-
aminases from Phytophthora species (Brunner et al., 2002; Enkerli
et al., 1999). Proven independence of elicitor activity from enzymatic
activity has indicated that these enzymes may not exert their defense-
eliciting effects through the generation of plant-derived “endoge-
nous” elicitors.

Unifying features of PAMPs (inducers of innate immune respons-
es in animals) are their highly conserved structures, their functional
importance for and their presence in various microorganisms, and
their apparent absence in potential host organisms. Do general elici-
tors of non-cultivar-specific plant defense responses display such
characteristics? Our recent studies (Brunner et al., 2002) revealed
that Pep-13 (Nürnberger et al., 1994), a surface-exposed peptide se-



quence present within a novel calcium-dependent cell wall transglut-
aminase, can serve as a recognition determinant for the activation of
plant defense in parsley and potato during interactions with Phytoph-
thora species. Pep-13 sequences were found to be highly conserved
among ten Phytophthora species analyzed but were virtually absent
in plant sequences. In addition, mutational analysis within the Pep-13
sequence identified amino acid residues indispensable for both trans-
glutaminase activity and the activation of plant defense responses.
This suggests that plants recognize PAMPs with characteristics iden-
tical to those triggering innate defense in humans and Drosophila.
Activation of plant defense upon recognition of pathogen-associated
structures that are not subject to frequent mutation is likely to provide
a fitness penalty to the pathogen (Kamoun, 2001). Similar to Pep-13,
fungal chitin and oomycete glucans all represent microbe-specific
structures expected to be indispensable for the microbial host (Boller,
1995; Nürnberger and Brunner, 2002).

Plant cells encounter a variety of these signals when interacting
with microorganisms in vivo, and recognition of complex pathogen-
associated molecular patterns is likely to determine the efficiency of
inducible innate defense mechanisms. For example, the cell walls of
many phytopathogenic fungi harbor chitins, N-mannosylated glyco-
peptides, and ergosterol, all of which have been reported to trigger
plant defense responses (Boller, 1995; Ito et al., 1997). Moreover,
phytopathogenic oomycetes of the genera Phytophthora and Pythium
were shown to possess defense-eliciting heptaglucan structures, elici-
tins, and other cell wall proteins, such as the necrosis-inducing pro-
teins NPP1, PsojNIP, or PaNie (Fellbrich et al., 2002; Kamoun, 2001;
Mithöfer et al., 2000; Qutob et al., 2002; Umemoto et al., 1997; Veit
et al., 2001). Although not all plant species may recognize and re-
spond to all of these signals, plant cells have recognition systems for
multiple signals derived from individual microbial species. This is
exemplified by tobacco cells, which recognize Phytophthora-derived
elicitins and NPP1 (Fellbrich et al., 2002; Kamoun, 2001; Qutob
et al., 2002; Veit et al., 2001), whereas tomato cells were shown to
perceive fungal chitin fragments, glycopeptides, and ergosterol (Basse
et al., 1993; Baureithel et al., 1994; Granado et al., 1995). Taken to-
gether, complex pattern recognition by plants is yet another phenom-
enon reminiscent of the activation of innate defense responses in ani-



mals. For example, innate immune responses in humans are activated
by Gram-negative bacteria-derived LPS, flagellin, and unmethylated
CpG dinucleotides, which are characteristic of bacterial DNA (Imler
and Hoffmann, 2001; Underhill and Ozinsky, 2002). It is yet unclear
whether recognition of multiple signals derived from one pathogen
may mediate more sensitive perception or if redundant recognition
systems may act as independent backup systems (Underhill and
Ozinsky, 2002).

In contrast to elicitors of non-plant cultivar-specific defense, AVR
proteins are very often synthesized and secreted only upon (at-
tempted) infection of host plants. Thus the genuine function of AVR
proteins is likely to promote the colonization of host plants. Resistant
host-plant cultivars, which have acquired an R gene matching a fun-
gal Avr gene, may, however, betray the pathogen to the plant’s sur-
veillance system (Cohn et al., 2001; Dangl and Jones, 2001; Takken
and Joosten, 2000). A role as a pathogenicity factor has been ascribed
to NIP1, a necrosis-inducing peptide from the barley leaf scald-caus-
ing fungus, Rhynchosporium secalis (Hahn et al., 1993; Rohe et al.,
1995). NIP1 was shown to contribute to disease progression on sus-
ceptible barley cultivars. NIP1 activity during fungal infection ap-
pears to be based on its ability to activate plant plasma membrane H+-
ATPase in all cultivars (Wevelsiep et al., 1993). Fungal races produc-
ing NIP1 were shown to trigger race-specific resistance responses on
barley cultivars expressing the Rrs1 resistance gene (Hahn et al.,
1993; Rohe et al., 1995). Intriguingly, NIP1 concentrations required
to trigger disease-associated lesions in barley are substantially higher
than those required for the activation of defense responses in resistant
barley cultivars (W. Knogge, personal communication). Apparently,
resistant host-plant cultivars may have acquired the ability to recog-
nize a fungal pathogen through tolerable nontoxic concentrations of a
fungal toxin. The causal agent of tomato leaf mold, Cladosporium
fulvum, produces the 28-amino acid polypeptide AVR9, which trig-
gers hypersensitive cell death in tomato plants carrying the Cf-9 gene
(Joosten et al., 1994). In contrast to R. secalis NIP1, AVR9 appeared
to be dispensable for fungal virulence, suggesting the existence of pro-
teins functionally redundant to AVR9 in C. fulvum (Joosten et al.,
1994). Potato virus X-based expression of the AVR9-encoding cDNA
or infiltration of AVR9 into Cf-9 tomato cultivars resulted in HR-



associated resistance, suggesting that recognition of the AVR protein
occurred at the tomato plasma membrane (Joosten et al., 1994; Lauge
et al., 2000). In contrast, AvrPita from the rice blast fungus, Magna-
porthe grisea, was shown to interact in vitro with the matching R
gene product, Pi-ta, a predicted cytoplasmic rice protein (Jia et al.,
2000). This is intriguing since it suggests introduction of a fungal
effector protein into the plant cell cytoplasm by a yet unknown secre-
tion/translocation mechanism.

SIGNAL PERCEPTION—A COMPLEX MATTER

Recent findings have significantly improved our understanding of
signal perception mechanisms at the plasma membrane of both non-
host and host plants. For example, a 75 kDa plasma membrane-bound
protein found in various Fabaceae constitutes a binding site for a Phy-
tophthora sojae-derived hepta- -glucan elicitor of phytoalexin pro-
duction (Mithöfer et al., 2000; Umemoto et al., 1997). Heterologous
expression of the encoding soybean gene in tomato conferred high af-
finity binding of the elicitor. Since this putative receptor protein does
not contain recognizable functional domains for signal transmission
across the plasma membrane or for intracellular signal generation, it
may be recruited into a multicomponent perception complex (Mithöfer
et al., 2000). Consistent with this, several proteins closely associated
with the heptaglucan binding site were detected in photoaffinity la-
beling experiments.

Similarly, chemical cross-linking experiments performed with Pep-
13 and parsley membranes detected two protein species (100 kDa,
135 kDa) as putative binding proteins. However, as the 100 kDa pro-
tein bound Pep-13 in the absence of the 135 kDa protein, their func-
tional interrelationship remains to be elucidated (Nennstiel et al.,
1998).

The elicitin receptor represents another example for complex for-
mation implicated in elicitor perception by plants. Elicitins, which
constitute a molecular pattern associated with various Phytophthora
and Pythium species (Kamoun, 2001), trigger plant defense in to-
bacco upon binding to a receptor complex comprising N-glycopro-
teins of 162 and 50 kDa. (Bourque et al., 1999). High-affinity binding



sites for elicitins were also reported from Arabidopsis and Acer
pseudoplatanus cells. Elicitins possess the ability to bind sterols,
suggesting that the function of these proteins during plant infection is
to provide the oomycete with essential lipids (Osman, Mikes, et al.,
2001). Recently, it was shown that sterol-elicitin complexes bind
more efficiently to the elicitin receptor than elicitins alone, and it was
proposed that sterol loading by elicitins may precede binding of the
elicitin/sterol complex to the plant receptor (Osman, Vauthrin, et al.,
2001). Apparently, the elicitin receptor “guards” against pathogens
that use elicitins to manipulate plant sterol homeostasis. Thus, the
“guard” hypothesis (Dangl and Jones, 2001; van der Biezen and
Jones, 1998; Van der Hoorn et al., 2002) provided to describe AVR/R
protein interactions may also explain pathogen recognition processes
mediating the activation of non-cultivar-specific plant defense.

Fungal chitin perception is widespread among plant species (Boller,
1995; Day et al., 2001; Ito et al., 1997). A chitinase-related receptor-
like kinase, CHRK1, exhibiting autophosphorylation activity but no
chitinase activity, was identified in tobacco plasma membranes (Kim,
Lee, Yoon, et al., 2000). However, binding of chitin fragments to
CHRK1 has yet to be shown. Since CHRK1-encoding transcripts ac-
cumulated strongly upon infection with tobacco mosaic virus or Phy-
tophthora nicotianae, it is conceivable that CHRK1 might function
as a surface receptor for fungus-derived chitin fragments.

The prevalent biochemical interpretation of the gene-for-gene rela-
tionship predicts Avr gene products to be ligands, which are recognized
by R-gene-encoded plant receptors. Approximately 20 R genes confer-
ring resistance to fungi (Fusarium oxysporum, Magnaporthe grisea,
Puccinia sorghi, Erysiphe graminis, Melampsora lini, and Cladospor-
ium fulvum) and oomycetes (Peronospora parasitica, Phytophthora
infestans) have been isolated from both monocotyledenous and dico-
tyledenous plants (Ballvora et al., 2002; reviewed in Takken and
Joosten, 2000). The predominant extracellular motifs found in R pro-
teins are leucine-rich repeats which suggest a role in protein-protein in-
teraction (Figure 1.1). Thus R proteins may function in ligand percep-
tion. However, only in the case of the cytoplasmic rice protein, Pi-ta, it
was shown that R-gene-encoded LRR-proteins directly interact with
the matching AVR protein, AVR Pi-ta from Magnaporthe grisea (Jia
et al., 2000). A number of studies have instead revealed that LRR pro-



teins apparently constitute components of larger signal perception
complexes but do not bind their corresponding AVR proteins directly.
These findings support the guard hypothesis (van der Biezen and
Jones, 1998; Van der Hoorn et al., 2002), which predicts that AVR
proteins bind to their cognate pathogenicity targets in host plants or
even nonhost plants, and that the R gene product merely guards per-

FIGURE 1.1. Structural classes of plant resistance (R) proteins involved in rec-
ognition of phytopathogenic fungi and oomycetes (Source: Adapted from Ballo-
vara et al., 2002; Takken and Joosten, 2000. Note: The corresponding R genes
are indicated above and below the schematic predicted R protein structures,
respectively. LRR, leucine-rich repeat; TM, transmembrane region; CC, coiled-
coil structure; TIR, Toll and interleukin-1 receptor domain; NBS, nucleotide-bind-
ing site.)



turbations of cellular homoeostasis. The tomato Cf-9 resistance gene
encodes a membrane-anchored glycoprotein with an extracellular
LRR and a small cytoplasmic domain without apparent function in
downstream signaling (Jones et al., 1994; Piedras et al., 2000). Re-
cent studies on the topology of the Cf-9 protein revealed its presence
in the plasma membrane (Jones et al., 1994; Piedras et al., 2000;
Rivas et al., 2002) as well as in the endoplasmic reticulum (Beng-
hezal et al., 2000). Moreover, since both susceptible and resistant
cultivars of tomato as well as other solanaceous plants harbor a high-
affinity binding site for AVR9, the Cf-9 protein is unlikely to be the
AVR9 receptor (Kooman-Gersmann et al., 1996). Consistently, com-
prehensive biochemical analyses failed to demonstrate a physical in-
teraction of the two proteins (Luderer et al., 2001).

Taken together, plant perception systems for pathogen-associated
molecular motifs (general elicitors, AVR proteins) often appear to be
complexes rather than single receptor proteins that mediate ligand
binding, signal transmission across the plant plasma membrane, and
subsequent initiation of an intracellular signaling cascade. This is
reminiscent of PAMP recognition by animal receptor complexes
which mediate the activation of innate immune responses. In these
systems, ligand-binding proteins are recruited into complexes with
transmembrane Toll-like receptors only in the ligand-bound form.
Plant transmembrane R proteins and LRR-containing Toll-like recep-
tors in animals seem to be structurally conserved, suggesting that LRR
proteins constitute the predominant structural basis for pathogen per-
ception in eukaryotes. Moreover, parallels between plant R proteins
and animal receptors for pathogen-associated molecular patterns ex-
tend to intracellular signaling domains as well (Takken and Joosten,
2000; Underhill and Ozinsky, 2002). For example, plant R proteins
(flax L6, Arabidopsis RPP5) (Takken and Joosten, 2000) conferring re-
sistance to Melampsora lini or Peronospora parasitica, respectively,
were shown to carry a cytoplasmic TIR (Toll/interleukin-1-receptor)
domain similar to that found in mammalian Toll-like receptors.

CELLULAR SIGNALING—A MATTER OF NETWORKS

The signal transduction networks linking receptor-mediated per-
ception of pathogens and defense reactions employ second messen-
gers that are conserved among most eukaryotes. In particular, second



messengers of mammalian innate immunity, such as Ca2+, reactive
oxygen species (ROS), nitric oxide (NO), and mitogen-activated pro-
tein kinase (MAPK) cascades, are also involved in defense signaling
in plants (Nürnberger and Scheel, 2001).

Alterations of ion fluxes across the plasma membrane (Ca2+ and
H+ influx, K+ and Cl– efflux) were found to be common early events
in defense signaling upon fungal and oomycete attack or perception
of respective elicitors (Blatt et al., 1999; Jabs et al., 1997; Klüsener
and Weiler, 1999; Nürnberger and Scheel, 2001; Scheel, 1998; Zim-
mermann et al., 1997). Receptor-mediated regulation of specific ion
channels appears to be responsible for this transiently altered ion per-
meability of the plasma membrane (Blatt et al., 1999; Zimmermann
et al., 1997), which is necessary and sufficient for the activation of
defense reactions (Jabs et al., 1997). Treatment of tobacco guard cells
expressing the Cf-9 resistance gene from tomato with the correspond-
ing AVR9 avirulence protein from Cladosporium fulvum activated an
outward-rectifying K+ channel and simultaneously inactivated an in-
ward-rectifying K+ channel (Blatt et al., 1999). This protein kinase-
dependent differential regulation of two K+ channels can be ex-
plained by the frequently observed net K+ efflux from elicitor-treated
plant cells (Ebel and Scheel, 1997; Jabs et al., 1997). Plasma mem-
brane-located Ca2+ channels were found to be responsive to the gen-
eral oomycete elicitor, Pep-13 (Zimmermann et al., 1997), and to
race-specific elicitors from Cladosporium fulvum (Gelli et al., 1997).
Receptor-mediated increases in open probability of these channels
caused transient elevation of cytosolic Ca2+ levels (Blume et al.,
2000; Lecourieux et al., 2002; Mithöfer et al., 1999). Since protein
kinase inhibitors block these increases of cytosolic Ca2+ concentra-
tions, receptor-mediated regulation of the corresponding Ca2+ chan-
nels involves protein phosphorylation (Blume et al., 2000; Lecour-
ieux et al., 2002), as shown for the elicitor-responsive K+ channels
(Blatt et al., 1999). Although pharmacological analyses demon-
strated the requirement of Ca2+ influx from the extracellular space,
the participation of internal stores in elevating cytosolic Ca2+ levels
cannot be ruled out (Blume et al., 2000; Lecourieux et al., 2002;
Mithöfer et al., 1999; Xu and Heath, 1998). Amplitude and duration
of these defense-related Ca2+ transients vary, but prolonged, modest
increases of cytosolic Ca2+ levels rather than spikes of large intensity



or oscillations appear to be essential for elicitation of defense re-
sponses (Blume et al., 2000; Lecourieux et al., 2002; Xu and Heath,
1998).

Two structurally related elicitor-responsive calcium-dependent pro-
tein kinases (CDPKs) were identified in tobacco (Romeis et al., 2000,
2001), which represent an early downstream target of cytosolic Ca2+.
Treatment of transgenic tobacco cells expressing the tomato Cf-9 re-
sistance gene with the corresponding AVR9 elicitor from Clado-
sporium fulvum resulted in protein phosphorylation, enzyme activation,
and increased transcript accumulation of both CDPKs (Romeis et al.,
2000, 2001). Since virus-induced gene silencing of the correspond-
ing genes compromised AVR9-stimulated programmed cell death,
these CDPKs are involved in activating the plant’s defense response
(Romeis et al., 2001). The targets of plant CDPKs remain to be iden-
tified but may be related to animal protein kinase C, which is involved
in activation of the NADPH oxidase of mammalian neutrophils
(Jones, 1994). Although plant homologues of the corresponding pro-
tein kinase C substrate, the cytosolic NADPH oxidase subunit, p47,
have not yet been found, it is interesting to note that expression of an
Arabidopsis CDPK in tomato protoplasts stimulated NADPH oxi-
dase activity and ROS production (Xing et al., 2001). Together with
the finding that elicitor activation of the two tobacco CDPKs is inde-
pendent of the oxidative burst (Romeis et al., 2000), these data may
suggest the involvement of CDPKs in stimulating ROS production.

The involvement of the universal Ca2+ signal messenger, calmo-
dulin, in plant defense signaling has only recently been documented.
Treatment of suspension-cultured soybean cells with elicitor prepara-
tions from Fusarium solani and Phytophthora parasitica var. nicoti-
anae resulted in rapid Ca2+-dependent accumulation of the two
calmodulin isoforms, SCaM-4 and SCaM-5, and the corresponding
transcripts preceding the salicylate-independent initiation of defense
reactions (Heo et al., 1999). Both isoforms were barely detectable in
healthy plants, whereas other calmodulins were found to be constitu-
tively expressed. Tobacco plants constitutively expressing either SCaM-
4 or SCaM-5 displayed constitutive PR (pathogenesis-related) gene
expression and enhanced resistance against Phytophthora parasitica
var. nicotianae in a salicylate-independent manner.



Protein-protein interaction-based screening of a cDNA expression
library from suspension-cultured rice cells treated with an elicitor
preparation from the fungal rice pathogen, Magnaporthe grisea, with
the soybean calmodulin isoform, SCaM-1, resulted in the isolation of
OsMlo (Kim, Lee, Park, et al., 2000; Kim, Lee, et al., 2002). OsMlo
encodes a plasma membrane-located protein with strong homology
to barley Mlo (Kim, Lee, et al., 2002). Recessive, presumably loss-
of-regulatory-function mutations in barley Mlo confer stable resis-
tance against the powdery mildew fungus, Blumeria graminis f. sp.
hordei (Jorgensen, 1992). Expression of OsMlo was strongly induced
by cocultivation of suspension-cultured rice cells with spores of
Magnaporthe grisea and in response to treatments with oligochitin
elcitor, salicylate, ethephon, jasmonate, and H2O2 (Kim, Lee, et al.,
2002). A 20-amino acid calmodulin-binding domain was identified
within the cytoplasmic C-terminal tail of OsMlo, which has seven
transmembrane domains. Interestingly, a functional calmodulin-bind-
ing domain was also detected in barley Mlo and found to be important
for Mlo function, i.e., suppression of defense against powdery mildew
(Kim, Panstruga, et al., 2002). In contrast to animal and fungal seven-
transmembrane orthologs, Mlo disease signaling does not require
heterotrimeric G proteins but involves Ca2+-dependent binding of cal-
modulin to its C-terminal cytoplasmic tail. Specific calmodulin isoforms,
therefore, appear to constitute essential elements of signaling networks
regulating initiation as well as suppression of plant defense responses.

ROS production is an important early component of innate immu-
nity in animals and plants (Scheel, 2002a). Extracellular generation
of ROS during the oxidative burst of plants depends on transient in-
creases of cytosolic Ca2+ levels (Blume et al., 2000) and appears to be
mechanistically similar to the respiratory burst of human phagocytes,
which is catalyzed by an NADPH oxidase protein complex (Babior
et al., 1997; Scheel, 2002a). Plants harbor a family of genes with sig-
nificant homology to the human gene encoding the catalytic subunit,
gp91, of the NADPH oxidase complex (Groom et al., 1996; Keller
et al., 1998; Torres et al., 1998). In comparison with the human ortho-
log, the plant proteins carry an N-terminal extension comprising an
EF-hand motif indicative of Ca2+ regulation (Arabidopsis Genome
Initiative, 2000; Keller et al., 1998). Microsomal fractions from yeast
expressing a parsley gp91 homologue indeed catalyzed the formation



of O2
– in a Ca2+- and NADPH-dependent manner, suggesting that

this protein by itself catalyzes ROS production during pathogen de-
fense (Zinecker, 2001). In tobacco, direct activation of an NADPH
oxidase by increased Ca2+ levels has been described (Sagi andFluhr,
2001). Antisense silencing of the tobacco plasma membrane-localized
NADPH oxidase, NtRbohD, resulted in the complete loss of the oxida-
tive burst response of the transgenic plants upon treatment with the
Phytophthora cryptogea elicitor, cryptogein (Simon-Plas et al., 2002).
Individual and double knock-out mutants of the two major leaf
NADPH oxidases of Arabidopsis thaliana were strongly impaired in
ROS production in incompatible interactions with the oomycete
pathogen Peronospora parasitica (Torres et al., 2002). Although the
knock-out lines displayed an as yet unexplained enhanced cell death
response after infection with P. parasitica, these data unequivocally
demonstrate a causal link between ROS production and plant gp91
orthologs.

Activation of the human respiratory burst oxidase complex in-
volves the small GTP-binding protein Rac2 (Babior et al., 1997).
Since orthologs of this gene family are present in plants (Kawasaki
et al., 1999), these might be involved in regulating ROS production
during plant defense. Transgenic rice plants and cultured cells ex-
pressing a constitutively active derivative of OsRac1, one out of the
three Rac2 orthologs of rice, produced elevated ROS and phytoalexin
levels, developed symptoms of programmed cell death, and showed
increased resistance against virulent Magnaporthe grisea (Kawasaki
et al., 1999; Ono et al., 2001). Expression of the dominant-negative
OsRac1 derivative suppressed elicitor-stimulated ROS production
and pathogen-induced cell death in transgenic rice (Ono et al., 2001).
Additional studies with the rice dwarf mutant, d1, that lacks the sin-
gle G gene, demonstrated that this subunit of heterotrimeric G pro-
teins acts upstream of OsRac1 in rice disease resistance (Suharsono
et al., 2002). Not only were defense responses of the d1 mutant to
Magnaporthe grisea delayed and suppressed, but expression of the
constitutively active OsRac1 derivative in d1 plants restored rice blast
resistance and elicitor responsiveness.

In concert with ROS, NO plays an important role in innate immunity
of animals and plants (Wendehenne et al., 2001). NO was found to be
produced by tobacco, soybean, and Arabidopsis upon infection with



avirulent bacteria or viruses, but also upon treatment with elicitors,
such as cryptogein from Phytophthora cryptogea (Clarke et al., 2000;
Delledonne et al., 1998; Durner et al., 1998; Foissner et al., 2000). The
synthesis of NO in plants is still a matter of debate (Wendehenne
et al., 2001), although NO synthase inhibitors blocked infection- and
elicitor-stimulated NO production, cell death, and defense-gene acti-
vation (Delledonne et al., 1998; Durner et al., 1998). Downstream
signaling of NO appears to involve cyclic GMP and cyclic ADP
ribose, which then stimulate another cytosolic Ca2+ transient (Durner
et al., 1998). This late Ca2+ response may be caused by activation of
the Arabidopsis cyclic nucleotide-gated ion channel, AtCNGC2,
which harbors a functional calmodulin-binding domain within its C-
terminal domain, mediates fluxes of Ca2+, K+, and other cations, and
appears to be involved in initiating programmed cell death (Clough et
al., 2000; Köhler et al., 1999, 2001). AtCNGC2 is affected in the dnd1
mutant, which fails to develop programmed cell death upon infection
with avirulent pathogens, but still displays resistance (Clough et al.,
2000).

Aconitase may represent a possible direct target of NO in plants
that is involved in the cell death response (Navarre et al., 2000;
Wendehenne et al., 2001). In mammals, NO binds to the cytosolic
aconitase and converts it to the so-called iron regulatory protein
(Wendehenne et al., 2001). This RNA-binding protein modulates the
translation of specific mRNAs and thereby causes increased cyto-
solic free iron levels. As in animals, NO also modulates aconitase ac-
tivity in plants, and residues involved in regulatory mRNA binding of
the human enzyme were conserved in cytosolic tobacco aconitase
(Navarre et al., 2000). Although mRNA regulatory activity of this
aconitase remains to be demonstrated, the similarities between the
mammalian and plant innate immunity systems may suggest an analo-
gous function (Wendehenne et al., 2001). Thus in concert with the
oxidative burst, increased free cytosolic iron levels could promote
cell death via the Fenton reaction, which generates hydroxyl radicals.
Interestingly, NO also induced transcipt accumulation of AOX1a, en-
coding an alternative oxidase, and stimulated respiration through the
alternative pathway in Arabidopsis (Huang et al., 2002). Inhibition of
this respiration by AOX inhibitors increased NO sensitivity and death
of the Arabidopsis cells, suggesting that NO stimulates protective



measures as is also found for ROS (Huang et al., 2002; Scheel,
2002a). Antisense suppression of mitochondrial AOX in tobacco ren-
dered these cells hypersensitive to initiation of programmed cell
death by salicylic acid and H2O2, again suggesting that AOX is in-
volved in protecting mitochondria from oxidative stress as it may
originate from the oxidative burst (Robson and Vanleberghe, 2002).

MAPK cascades are believed to represent a central point of cross-
talk in stress signaling in plants (Ichimura et al., 2002; Nürnberger
and Scheel, 2001; Zhang and Klessig, 2001). MAPKs are the most
downstream components of these cascades and consist of at least
three protein kinases that are sequentially activated by phosphory-
lation. Based on the complete genome sequence of Arabidopsis thal-
iana, this plant harbors at least 20 MAPKs that are activated via dual
phosphorylation of a typical threonine/X/tyrosine motif by a maxi-
mum of ten MAPK kinases (MAPKK) (Ichimura et al., 2002; Arabi-
dopsis Genome Initiative, 2000). The number and structural variation of
MAPKK kinases (MAPKKK) that activate MAPKKs is even greater
than that of MAPKs (Ichimura et al., 2002). Fungal and oomycete
elicitors activate primarily MAPKs of the Arabidopsis MPK3 and
MPK6 type (Cardinale et al., 2000; Ichimura et al., 2002; Kroj et al.,
2003; Romeis et al., 1999; Zhang and Klessig, 1998, 2001), although
activation of AtMPK3 itself by elicitor treatment or infection has not
been detected (Nühse et al., 2000). However, AtMPK3 transcript accu-
mulated rapidly upon treatment of Arabidopsis seedlings with chitin
or chitin oligomers (Zhang et al., 2002). MAPK activation is located
downstream of the elicitor-stimulated Ca2+ influx and appears not to
be necessary for the oxidative burst (Ligterink et al., 1997; Romeis
et al., 1999; Yang et al., 2001). In elicitor-treated parsley cells, at least
one of the activated MAPKs translocates to the nucleus (Ligterink
et al., 1997), where it is involved in oxidative burst-independent acti-
vation of PR genes (Kroj et al., 2003) that had previously been shown
to be regulated by WRKY transcription factors (Eulgem et al., 1999).
Interestingly, a complete Arabidopsis MAPK cascade has recently
been identified that is involved in innate immunity via a WRKY tran-
scription factor and mediates increased resistance to fungal and bac-
terial pathogens (Asai et al., 2002). The existence of a causal link be-
tween MAPK activation and defense-gene activation, as well as
programmed cell death, was furthermore suggested by gain-of-func-



tion experiments transiently overexpressing MAPKs themselves or
constitutively active derivatives of the corresponding MAPKKs in to-
bacco and Arabidopsis leaves, which caused a programmed cell
death-like phenotype and activation of defense-related genes (Ren
et al., 2002; Yang et al., 2001; Zhang and Liu, 2001).

Other MAPK cascades were found to be negative regulators of
plant defense. Arabidopsis mutants carrying a transposon insertion in
the AtMPK4 gene had an extreme dwarf phenotype and exhibited ele-
vated salicylate levels, constitutive PR gene expression, and in-
creased resistance against virulent pathogens, including Peronospora
parasitica (Petersen et al., 2000). This resistance was independent of
NPR1 but required salicylate. The edr1 mutant of Arabidopsis also
showed increased resistance against bacterial and fungal pathogens,
such as powdery mildew, but otherwise displayed a normal pheno-
type (Frye et al., 2001). Edr1 encodes a putative Raf-like MAPKKK
similar to the negative regulator of the ethylene response, CTR1
(Johnson and Ecker, 1998). In contrast to mpk4, edr1-mediated resis-
tance depended on salicylate and NPR1 and did not show enhanced
salicylate levels and constitutive PR gene expression (Frye et al.,
2001). It is therefore unlikely that the corresponding MAPKKK is
part of the AtMPK4 cascade.

Posttranslational protein modification by covalent attachment of
ubiquitin or ubiquitin-like proteins plays a critical role in the regula-
tion of many cellular processes, among them innate immunity (Hersh-
ko and Ciechanover, 1998; Yeh et al., 2000). The central importance
of these regulatory tools in plant defense signaling has only recently
been recognized in R-gene-mediated defense against fungi and oomy-
cetes, which involve EDS1, PAD4, NDR1, and RAR1 (Austin et al.,
2002; Azevedo et al., 2002; Tör et al., 2002). Eds1 and Pad4 are
lipaselike proteins necessary for disease resistance mediated by R
proteins with TIR domains (Glazebrook, 2001). Ndr1 is involved in
defense signaling initiated by CC-domain R proteins and is predicted
to be a glycosylphosphatidylinositol-anchored membrane protein
(Glazebrook, 2001). RAR1 is required for powdery mildew resistance
conveyed by different R proteins, including Mla6 and Mla12 (Shirasu
et al., 1999). The encoded protein harbors the two zinc-binding do-
mains, CHORD-I and CHORD-II, and interacts via CHORD-II with
plant orthologs of the yeast SGT1 protein, which plays a role in



ubiquitin-mediated protein degradation (Azevedo et al., 2002; Kita-
gawa et al., 1999). SGT1 and the RAR1-SGT1 complex co-immuno-
precipitated with CSN4 and CSN5, two subunits of COP9, which di-
rectly interact with SCF-type E3 ubiquitin ligases (Azevedo et al.,
2002; Lyapina et al., 2001; Schwechheimer et al., 2001). Silencing of
SGT1 in barley impaired Mla6- but not Mla1-mediated resistance
against Blumeria graminis f. sp. hordei (Azevedo et al., 2002). Whereas
barley appears to harbor only a single SGT1 gene, there are two cop-
ies in Arabidopsis, SGT1a and SGT1b (Azevedo et al., 2002). Only
SGT1b was found to be involved in R-gene-conferred resistance
against different isolates of Peronospora parasitica (Austin et al.,
2002; Tör et al., 2002). In some of these interactions, the Arabidopsis
RAR1 ortholog and in others, NDR1, were also necessary for resis-
tance. Interestingly, silencing of SGT1 in Nicotiana benthamiana
also compromised the stimulation of programmed cell death by the
elicitin INF1 from Phytophthora infestans (Peart et al., 2002). These
findings strongly suggest that ubiquitin-mediated protein degrada-
tion is an important early component of plant defense signal trans-
duction, where it might function in the removal of regulators.

The signaling elements described regulate either salicylate- or
jasmonate/ethylene-mediated responses (Glazebrook, 2001), which
themselves are interlinked by elements that affect both types of sig-
naling (Kunkel and Brooks, 2002). The MAPK MPK4, for example,
is a negative regulator of salicylate-mediated signaling but promotes
jasmonate-conveyed responses (Petersen et al., 2000). Such signaling
elements may be necessary for cross talk between different signal-
transduction networks, which allows the fine-tuning of the plant’s re-
sponse to the multitude of environmental stimuli (Kunkel and Brooks,
2002).

Several genes encoding proteins involved in pathogen recognition
and defense signaling have been employed in biotechnological ap-
proaches to generate plants with improved disease resistance (Scheel,
2002b) (see Chapter 7). Although commercial products have not yet
been released, overexpression studies with model systems clearly
demonstrate that diverse signaling elements can be used to engineer
increased resistance without significantly affecting the normal phe-
notype. Transgenic Arabidopsis plants with elevated methyl jasmon-
ate levels and tobacco plants with increased salicylate, for example,



displayed higher levels of resistance to fungal pathogens than the cor-
responding wild-type plants (Seo et al., 2001; Verberne et al., 2000).
Interestingly, overexpression of the Pto gene, normally conferring re-
sistance against Pseudomonas syringae pv. tomato, also yielded in-
creased resistance against Cladosporium fulvum (Tang et al., 1999).
Expression of corresponding pairs of R and Avr genes, one of which
was under control of a strictly pathogen-responsive promoter, also
led to plants with improved broad resistance against fungal patho-
gens (Hennin et al., 2001; Melchers and Stuiver, 2000). Pathogen-
inducible production of the elicitin cryptogein in tobacco plants,
which harbor the corresponding receptor, rendered these plants resis-
tant toward a broad spectrum of fungal and oomycete pathogens
(Keller et al., 1999), whereas constitutive expression of specific cal-
modulin isoforms in tobacco resulted in enhanced resistance against
Phytophthora parasitica var. nicotianae (Heo et al., 1999). Several
transcription factors that regulate the expression of defense-related
genes have successfully been employed to improve disease resistance
(Scheel, 2002b). Furthermore, expression of constitutively active de-
rivatives of signaling elements, such as G proteins or different kin-
ases, might also offer tools for the production of disease-resistant
plants (Kawasaki et al., 1999; Ono et al., 2001; Ren et al., 2002;
Romeis et al., 2001; Yang et al., 2001; Zhang and Liu, 2001). Thus a
better understanding of defense signaling will provide new tools for
engineering fungal disease resistance in plants.

CONCLUSIONS

Pathogen recognition and subsequent signal transduction in plants
is mediated by components that are structurally and functionally sim-
ilar to the innate immune signaling system of mammals and insects
(Aderem and Ulevitch, 2000; Khush and Lemaitre, 2000; Nürnberger
and Scheel, 2001). Plant receptor complexes with conserved func-
tional domains perceive microbial elicitors of identical or similar
structure as PAMPs that are recognized by Toll-like receptors and
mediate activation of innate immune responses in animals (Nürn-
berger and Brunner, 2002). The subsequently initiated signaling net-
works employ some of the same second messengers that are involved



in the activation of innate immune responses in animals as well.
Moreover, even the complex defense responses include a few func-
tionally similar elements, such as antimicrobial defensins (Thomma
et al., 2002). Microarray analyses of chitin elicitation in Arabidopsis
thaliana revealed that the expression of at least 61 out of 2,375 genes
tested was altered threefold or more relative to control plants (Ramo-
nell et al., 2002). Comparison of this set of genes to those activated by
infection with Alternaria brassicicola in Arabidopsis plants resistant
to this fungal pathogen revealed that roughly 50 percent of the genes
responded in the same manner to both treatments (Ramonell et al.,
2002; Schenk et al., 2000). Thus a single elicitor can activate a com-
plex, stereotyped gene set that shows significant overlap with that ac-
tivated upon recognition of complete microbial pathogens, a phe-
nomenon which has also been reported from the activation of innate
immune responses in human cells (Boldrick et al., 2002). Taken to-
gether, these obvious parallels in the molecular organization of innate
immunity in both animals and plants support the hypothesis that they
might have a common evolutionary origin.
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INTRODUCTION

Recently a great deal of importance has been placed on the eluci-
dation of plant resistance mechanisms through the use of biochemical
and genetic techniques. In particular, the development of Arabidopsis
as a model system has led to the rapid isolation of numerous plant
genes that provide resistance to fungal pathogens (Adam and Somer-
ville, 1996; Xiao et al., 2001). With some notable exceptions (Eul-
gem et al., 1999), most recent molecular biological studies have fo-
cused on global leaf responses that occur in association with plant
resistance to fungi. However, many cellular events associated with
plant resistance are transient or are specific to certain plant cells or to
localized areas of individual cells. This is especially true in the case
of plant resistance to fungi that directly penetrate plant cell walls as
an integral part of their infection process. In these situations, bio-
chemical and genetic studies are most useful when combined with
detailed cytological work (e.g., Adam and Somerville, 1996).

Biotrophic fungi that directly invade living epidermal cells provide
the best opportunity to observe events associated with resistance at
the cellular level because (1) events in epidermal cells can be directly
viewed by light microscopy, and (2) biotrophic fungi do not kill the
susceptible plant cells they invade, thus allowing plant cell responses
to be observed during wall penetration and intracellular fungal growth.
Among the biotrophic fungal plant pathogens, the most detailed cyto-
logical studies have been performed on plant interactions with the



rust and powdery mildew fungi, and these interactions will therefore
be the primary focus of this review. Rust fungi typically have a
dikaryotic parasitic stage in which the fungus enters plant tissue via
stomata, grows intercellularly, and only penetrates plant cells to form
feeding structures (haustoria). However, they generally also have a
second, monokaryotic, parasitic stage which develops from basidio-
spores and which, prior to forming an intercellular mycelium with
haustoria, penetrates the plant directly through epidermal cells. Pow-
dery mildew fungi typically grow on the plant surface, with only
feeding structures (haustoria) penetrating underlying epidermal cells.
A diagrammatic representation of typical epidermal infection pro-
cesses by these two fungal taxa is shown in Figure 2.1.

A) A powdery mildew fungus
on a susceptible host plant

B) Monokaryotic stage of
a rust fungus on a
susceptible host plant

FIGURE 2.1. Typical infection process of two types of biotrophic fungi on
susceptible host plants. (A) A powdery mildew spore germinates on the surface
of a leaf to form an appressorium prior to directly penetrating and forming a
feeding structure called a haustorium (all shown in black) within an underlying
epidermal cell. The fungus then continues to grow (shown in dark gray) on the
surface of the leaf forming additional haustoria in adjacent epidermal cells. (B) A rust
fungal basidiospore germinates on the surface of a leaf to form an appressorium
prior to directly penetrating and forming a feeding structure called an intraepidermal
vesicle (all shown in black) within an underlying epidermal cell. The fungus then
continues to grow (shown in dark gray) by tip growth, entering adjacent epidermal
cells prior to growing into the intercellular spaces of the leaf and, finally, producing
monokaryotic haustoria within mesophyll cells.



BACKGROUND

Potentially Defensive Plant Cell Wall-Associated
Responses to Fungi

Although fungal pathogens are normally successful in penetrating
the cell walls of their host species, attempted penetration in nonhost
plants frequently results in penetration failure. Constitutive plant fea-
tures can play a role in restricting fungal growth at this stage of infec-
tion; however, penetration failure is often dependent on active plant
cell metabolism, and chemical interference with the latter process re-
sults in increased penetration success (Sherwood and Vance, 1980).
Numerous wall-associated responses and modifications, often local-
ized to the site in the cell wall where the fungus is penetrating, have
been reported that could theoretically hinder fungal progress through
the cell wall (Figure 2.2A). These include the extracellular generation

A) Penetration-induced
wall-associated responses

B) Hypersensitive cell death
following successful cell
penetration

FIGURE 2.2. Potentially defensive cellular responses associated with attempted
and successful fungal penetration of plant cells. (A) Attempted (or in some cases
even successful) fungal penetration of the plant cell wall elicits a variety of
responses in the plant cell wall (CW) as well as the deposition of callose-contain-
ing papillae between the CW and plasma membrane (PM). (B) Successful fungal
penetration frequently results in the rapid death of the infected cell (hypersensitive
cell death) as characterized by the presence of cytoplasmic disorganization. For
(A) and (B), fungal structures are shown in black.



of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2)
and superoxide (O2

–) (Thordal-Christensen et al., 1997; Mellersh
et al., 2002), impregnation of the cell wall with phenolics or silica
(Heath and Stumpf, 1986; Aist and Bushnell, 1991), oxidative cross-
linking of preexisting or induced cell wall phenolics or proteins (Aist
and Bushnell, 1991; Thordal-Christensen et al., 1997), and the depo-
sition of heterogeneous callose-containing papillae or wall apposi-
tions between the plant cell wall and plasma membrane (Aist, 1976).

What Triggers Localized Plant Cell Responses
During Cell Wall Penetration?

Current data suggest that plant responses to the penetration process
are primarily the result of perception of plant cell wall components re-
leased during localized wall degradation (Heath et al., 1997). Local-
ized application of hemicellulase (a mixture of wall-degrading en-
zymes) to small scratches in the cuticle of cowpea epidermal cells
results, sequentially, in the localized extracellular generation of H2O2,
accumulation of phenolic compounds, and finally cell wall protein
cross-linking (Mellersh et al., 2002). Interestingly, insertion of
a glass microneedle into a cell will result in deposition of callose (a -
1,3-linked glucan) around its tip, but not in association with accumu-
lation of phenolic compounds in the cell wall (Russo and Bushnell,
1989). This suggests that plant cells respond differentially to physical
versus chemical cues associated with cell wall penetration. However,
a comparison of wound plugs formed in response to insertion of a
glass microneedle with papillae formed in response to the barley
powdery mildew fungus revealed that only wound plugs contained
cellulose and pectin, and only fungal-induced papillae contained
phenols and basic staining material (Russo and Bushnell, 1989).
These observations suggest that fungal penetration results in differ-
ent, rather than simply additional, induction cues than does physical
intrusion.

Detailed cytological studies indicate that while certain plant re-
sponses to fungal penetration (namely extracellular H2O2 generation
and accumulation of phenolic compounds) are seen during penetra-
tion of nonhosts by both rust fungi and powdery mildew fungi
(Mellersh et al., 2002), powdery mildew fungi also elicit the addi-



tional generation of extracellular superoxide. This further supports
the hypothesis that while certain unavoidable events associated with
wall penetration elicit predictable plant responses, these responses
are also influenced by other, as yet undetermined, activities of the
penetrating fungus.

Postpenetration Responses

Plant cell responses to the presence of parasitic fungi within the
cell lumen have been studied by light or electron microscopy for al-
most a century. As might be expected for biotrophic pathogens that
enter living plant cells, subcellular rearrangements, such as changes
in the plant’s endomembrane system and the cytoskeleton, occur in
invaded cells of both genetically resistant and susceptible plants
(Heath and Škalamera, 1997). In susceptible plants, the invaded cell
remains alive despite the presence of the fungus which, although in-
side the cell, remains separated from the plant cytoplasm by the plant
plasma membrane. In disease-resistant plants, however, fungal growth
is eventually restricted, sometimes so rapidly that the pathogen does
not get beyond the first-invaded plant cell. Although the cessation of
fungal growth within a cell may be associated with encasement of the
pathogen in callose and the plant cell remains alive (Škalamera et al.,
1997), the most common expression of resistance is a rapid death of
the invaded cell (Figure 2.2B). This hypersensitive response (HR)
was first recognized by Stakman (1915), and was first extensively
studied in living cells using potato and the oomycete pathogen, Phy-
tophthora infestans (Tomiyama, 1960). Experiments using this sys-
tem first demonstrated that the hypersensitive response requires en-
ergy in its execution (Tomiyama, 1967) and is, therefore, a form of
programmed cell death.

Potential versus Actual Defense Mechanisms

In any given plant-fungal interaction, a number of potentially in-
hibitory plant responses may be present at the same time. Each type
of response, however, may not contribute equally, if at all, to penetra-
tion resistance. Unequivocal evidence as to which response(s) is most
important is scarce, because some potentially inhibitory compounds



associated with penetration resistance may not actually be responsi-
ble for stopping fungal growth (Perumalla and Heath, 1989; McLus-
ky et al., 1999). In addition, removal of one effective defense re-
sponse can in some cases lead to compensation by another effective
response (Heath and Stumpf, 1986). Complicating matters further,
some plant responses such as the accumulation of small molecular
weight antimicrobial compounds known as phytoalexins (Hammer-
schmidt, 1999) are undetectable at the level of the light microscope,
despite the potential importance of their cellular and subcellular lo-
calization. Only a few phytoalexins have been studied in living plant
cells. These include a phytoalexin from broad bean (Vicia faba)
leaves, which was detected in cell vacuoles by fluorescence under ul-
traviolet light (Mansfield et al., 1974) and the pigmented phytoalexin
in sorghum (Sorghum bicolor) (Snyder and Nicholson, 1990). The lat-
ter authors demonstrated the localized accumulation of these red
phytoalexins in membrane-bound inclusion bodies that migrated to
the attempted penetration site of Colletotrichum graminicola. Color-
less inclusions coalesced with one another and gradually darkened in
intensity, demonstrating that the phytoalexins were produced within
the inclusions themselves. The inclusions eventually deposited their
contents to the cytoplasm and were also seen to accumulate in the
overlying fungus. Such examples are rare, however, and although it is
tempting to focus on those responses that are most easily microscopi-
cally identified, researchers must be ever mindful that other re-
sponses, perhaps unique to certain plant-fungal interactions, may
also play prominent roles.

DETAILED REVIEW

Resistance Expressed During Cell Wall Penetration

The Role of Reactive Oxygen Species (ROS)

The localized, cytologically detectable, extracellular generation of
ROS has been reported to be associated with penetration events in a
number of plant-fungal interactions (Thordal-Christensen et al., 1997;
Mellersh et al., 2002). The generation of hydrogen peroxide (H2O2),
in particular, is often correlated with penetration failure (Hückel-
hoven, Trujillo, and Kogel, 2000; Hückelhoven, Dechert, and Kogel,



2001) and is apparently at least partially responsible for the latter in
nonhost plants (Mellersh et al., 2002) since its enzymatic removal al-
lows increased penetration success of rust and powdery mildew fungi
on nonhost plants (Mellersh et al., 2002). The various potential enzy-
matic sources of H2O2 is a topic of considerable recent debate and
may in fact vary depending on the particular plant-pathogen interac-
tion (Bolwell, 1999). Regardless of its enzymatic source, H2O2 been
suggested to participate in plant defense responses in a variety of
ways, including by acting as a signaling agent, or via oxidative
changes to fortify plant cell walls. In addition, H2O2 may be directly
toxic to fungi since exogenously added or enzymatically generated
H2O2 is toxic to fungi in vitro (Lu and Higgins, 1999) and in tobacco
leaf disks (Peng and Kuc, 1992). In the nonhost resistance of cowpea
to the plantain powdery mildew fungus, Erysiphe cichoracearum,
however, H2O2 appears to reduce fungal penetration success indi-
rectly by either (1) acting as a signaling molecule for new gene ex-
pression, resulting in the secretion of other penetration-inhibiting
molecules, or (2) interacting with such molecules in the wall in such a
way as to render them inhibitory to penetration (Mellersh et al.,
2002). Although the inhibitory molecules in the aforementioned
study were not clearly identified, data suggest that these may be phe-
nolic in nature and that cytoplasmic activity was directly or indirectly
needed for their secretion into the plant wall. It is interesting to note,
however, that in the case of resistant young tomato leaves inoculated
with Colletotrichum coccodes, H2O2 generation within the wall did
not require involvement of the cell protoplast and, alone, seemed
both necessary and sufficient for penetration failure (Mellersh et al.,
2002). The difference between the role of H2O2 in these different sys-
tems is a good example of why it is often difficult to generalize about
defense responses at the cellular level.

Phenolic Compounds

Phenolic compounds frequently accumulate locally in response to
fungal infection (Nicholson and Hammerschmidt, 1992) and are po-
tentially involved in penetration resistance. Phenolic compounds
may be particularly important in resistance to powdery mildew fungi,
since inhibition of autofluorescent phenolic compound accumulation
using phenylalanine ammonia-lyase (PAL) inhibitors led to increased
penetration success of Erysiphe graminis on both young (Carver



et al., 1992) susceptible oat (Avena sativa L.) plants and on oat plants
expressing adult plant resistance (Carver et al., 1996). Phenolic accu-
mulation in leaves is frequently detected by their tendency to auto-
fluoresce under blue or UV light. This method of detection, however,
does not discriminate among a wide variety of chemically distinct
phenolic compounds that may accumulate during plant-fungal inter-
actions. Because the type of phenolics present may be an important
determinant of penetration failure, recent studies have focused on
identifying the individual chemical species present in various interac-
tions. Feruloyl-3' methoxytyramine specifically accumulates in gran-
ular inclusions in onion (Allium sativa L.) epidermal cells at at-
tempted penetration sites of Botrytis allii (McLusky et al., 1999), and
although this compound was not antimicrobial in vitro, it cannot be
ruled out that these phenolics may provide some sort of physical bar-
rier to fungal penetration. In one study, von Röpenack and colleagues
(1998) demonstrated that a single phenolic compound, p-coumaroyl-
hydroxyagmatine (p-CHA), differentially accumulated in barley plants
expressing mlo-mediated penetration resistance, and that p-CHA was
antifungal both in vitro and in vivo. However, it remains unclear
whether p-CHA is any more important than a variety of other re-
sponses, such as potentially penetration-inhibitory changes in cell
wall-associated papillae (reflected by the latter’s increased resistance
to alkaline degradation), which are also associated with mlo-medi-
ated penetration resistance.

Papillae

Cell wall-penetrating fungi frequently trigger the localized forma-
tion of heterogeneous deposits between the plant plasma membrane
and cell wall that are referred to as cell wall appositions or papillae.
With a few exceptions (Aist, 1976), papillae are not usually found un-
less the fungal pathogen has managed to breach the plant cell wall,
suggesting this is primarily a response to localized physical trauma.
Regardless, papillae appear to play an important role in preventing
successful fungal penetration in a wide variety of plant species
(Sherwood and Vance, 1980). Nevertheless, despite the almost ubiq-
uitous nature of the papilla response, papillae are not always an effec-
tive barrier to fungal ingress, and papillae are commonly associated
with successful penetration by powdery mildew fungi (Aist and
Bushnell, 1991). In these latter cases, the relative timing of papilla



formation during the penetration process may be an important deter-
minant of whether papillae are effective (Aist and Israel, 1977).

Papillae could potentially present either a physical or chemical
barrier (or both) to fungal ingress, and the aspects of papillae that are
responsible for stopping the fungus have been the subject of consid-
erable study. Papillae frequently are impregnated with impermeable
compounds such as silica (Carver et. al., 1987), and this could poten-
tially provide a barrier to the exchange of nutrients or molecules in-
volved in the plant-pathogen “dialogue” (Smart et al., 1987), as well
as a structural barrier against fungal penetration. Silica has been im-
plicated in the failure of rust fungi to form haustoria in nonhost plants
(Stumpf and Heath, 1985; Perumalla and Heath, 1991); however, no
similar data demonstrate a causative role in penetration resistance to
powdery mildew fungi (Carver et al., 1987). Potentially toxic mole-
cules can also accumulate in papillae (von Röpenack et al., 1998;
Mellersh et al., 2002), and these molecules may be similar to those
seen in modified cell walls. Just as unmodified cell walls seldom present
an obstacle to direct-penetrating fungi in their host species, callose—the
main structural component of many papillae—is not likely to be partic-
ularly relevant itself in lending penetration resistance (Smart et al.,
1986; Perumalla and Heath, 1989). We assume, therefore, that it is
both the structural and chemical changes associated with papilla for-
mation that are more important than the papilla itself in stopping fun-
gal growth.

Cytoplasmic Rearrangements That Accompany
Wall-Associated Responses

A variety of changes are induced in the cytoplasm of plant cells
during early stages of the penetration process in association with re-
sistance. Redirection of cytoplasm toward the penetration point is
one of the earliest of these responses and is associated with penetra-
tion failure of Erysiphe graminis and Erysiphe pisi, a pathogen and
nonpathogen, respectively, on barley (Kobayashi et al., 1993). It is
believed that cytoplasm redirected to the penetration point contains
necessary components required to alter the plant cell wall, rendering
it resistant to fungal penetration (Aist and Bushnell, 1991).

Cytoskeletal elements may be involved in the direction of signals
or may redirect the raw materials required to mount localized wall-
associated responses. Rearrangements of the actin cytoskeleton seem



particularly important in regard to penetration arrest (McLusky et al.,
1999) and disruption of microfilaments causes the loss of localized
wall-associated responses (Mellersh et al., 2002) and allows numer-
ous fungi to gain access to the cells of otherwise resistant nonhost
plants (Kobayashi et al., 1997).

Plant nuclei migrate to sites of both localized mechanical (Gus-
Mayer et al., 1998) and chemical (Heath et al., 1997) perturbation,
and association of the plant cell nucleus with the penetration point,
and in some cases with the developing fungus inside penetrated cells,
has been reported for a number of plant-fungal interactions (Heath
and Škalamera, 1997). Although the importance of this association
has not been demonstrated, it is possible that the close proximity of
the plant cell nucleus with the penetration point reflects a need for a
localized source of mRNA for protein synthesis that might be re-
quired for the expression of localized defensive responses. Sup-
porting this, the nucleus does not remain in constant association with
the penetrating fungus in interactions between rust fungi and their
host plants, where cytologically detectable plant responses are absent
(Heath et al., 1997). However, in nonhost plants in which rust fungi
trigger a variety of cytologically detectable responses (Mellersh
et al., 2002), the nucleus is in more or less constant association with
the fungus.

Dynamic cellular processes appear to be required in the vast ma-
jority of cases in which coordination of a rapid localized plant de-
fense response occurs. What is more surprising perhaps is the fact
that, as described earlier for extracellular H2O2 generation, some
plant cells appear to mount similar effective responses without any
participation from the cell protoplast (Mellersh et al., 2002). Future
research will hopefully lead us to understand both the reasons behind
these major differences and the underlying mechanistic bases behind
them.

Resistance Expressed Following Successful Penetration:
The Hypersensitive Response

The Hypersensitive Response and Hypersensitive Cell Death

Although penetration failure is common in nonhost interactions,
penetration is usually successful when fungi attempt to penetrate the
cells of their host species. In the case of resistant host genotypes, re-



sistance is often manifested by the hypersensitive death of the in-
vaded cell in association with cessation of fungal growth. The hyper-
sensitive response involves the endogenously programmed death of
the plant cell and the induction of defenses, such as the modification
of cell walls and accumulation of potential antimicrobial compounds
(Heath, 2000b) (see Chapter 3). These latter responses, which often
involve the participation of neighboring cells, are likely to be impor-
tant in restricting the growth of nonbiotrophic pathogens for which
the death of the invaded cell is not necessarily a liability. For bio-
trophic fungi that require living plant cells to survive, the potential re-
lationship between cell death and resistance is more obvious, and for
this reason it is often helpful to conceptually separate the hypersensi-
tive cell death from the hypersensitive response.

Morphological Features of Hypersensitive Cell Death

Although host resistance to biotrophic fungi can be manifested by
the death of either individual cells or larger numbers of cells, the most
detailed cytological studies have focused on those systems in which
only the initially infected epidermal cell dies while those surrounding
it remain alive. At least in biotrophic interactions, cell death does not
usually occur until the fungus has entered the cell lumen, and obser-
vation of the events preceding cell death in living rust-infected epi-
dermal cells has demonstrated a number of cytological features of the
death process that predictably occur following formation of an intra-
epidermal vesicle in resistant host cells. One of the earliest signs of
the onset of cell death in the rust interaction is a change in the appear-
ance of the plant cell nucleus (Heath et al., 1997). This is followed by
the cessation of cytoplasmic streaming (possibly associated with the
loss of cortical microtubules) (Škalamera and Heath, 1998), the ap-
pearance of particles exhibiting Brownian motion within the vacuole,
and eventually protoplast collapse (Chen and Heath, 1991).

Host resistance to rust fungi and powdery mildew fungi alike is
mediated by parasite-specific recognition events. Interestingly, the
cytological events that occur in host resistance responses to both
fungi are remarkably similar (Hazen and Bushnell, 1983; Chen and
Heath, 1991). In contrast, hypersensitive cell death in nonhost plants
is not necessarily under the control of parasite-specific recognition
(Heath, 2000b) and is morphologically distinct from cell death in the



former two interactions (Christopher-Kozjan and Heath, unpublished
data). Likewise, the hypersensitive cell death that occurs in response
to the oomycete Phytopthora infestans occurs in both resistant and
susceptible plant cells (i.e., regardless of the presence or absence of
parasite-specific recognition) and is visually quite different from in-
teractions involving specific recognition (Freytag et al., 1994). The
significance of these morphological differences is largely unknown;
however, recent evidence indicates that the cell death process that oc-
curs as a result of specific recognition events differs mechanistically
from that involving nonspecific recognition (Christopher-Kozjan and
Heath, unpublished data).

The Role of Calcium

Detailed cytochemical and stereological electron microscopic stud-
ies of the various stages of host cell death in response to rust fungal
infection have demonstrated that resistance-specific recognition events
occur while the fungus is still penetrating the epidermal wall (Xu and
Heath, 1998; Mould and Heath, 1999). Rust fungi do not trigger
many of the wall-associated responses normally elicited during the
penetration process by most fungi (Mellersh and Heath, 2001), and as
such provide a unique opportunity to study the intimate details of hy-
persensitive cell death without interference from extraneous events
unassociated with the death process itself. Confocal microscopy
studies using calcium reporter dyes microinjected into living epider-
mal cells at various stages of rust fungal invasion show that a pro-
longed, but transient, increase in cytosolic calcium levels occurs
while the fungus is penetrating the epidermal walls of resistant host
cells (Xu and Heath, 1998) prior to fungal contact with the plant
plasma membrane. Pharmacological studies have demonstrated that
this increase in cytosolic calcium levels primarily originates from
extracellular stores, is required for induction of cell death to occur,
and is absent in susceptible cells at the same stage of infection.

Requirement for Transcription and Translation

Detailed stereological studies investigating the number of nuclear
pores on the nuclear envelope indicative of levels of nuclear to cyto-
plasmic trafficking, and nucleolar granularity indicative of relative



levels of transcriptional activity, demonstrate that resistance-specific
increases in transcription and nuclear trafficking accompany the in-
creases in cytosolic calcium levels in rust-infected resistant cells
(Mould and Heath, 1999). Interestingly, a localized increase in trans-
lation indicated by polyribosome density on the endoplasmic reticu-
lum was associated with the area immediately beneath the penetra-
tion point. Moreover, heat shock or pharmacological treatments that
interfered with plant cell protein translation inhibited cell death in re-
sponse to both rust fungi (Heath et al., 1997) and powdery mildew
fungi (Hazen and Bushnell, 1983). The transcription of a number of
genes potentially involved in cell death was shown to be preferen-
tially up- or down-regulated in barley during the hypersensitive re-
sponse to E. graminis (Hückelhoven, Dechert, Trujillo, and Kogel,
2001). However, these genes were also differentially expressed to
some extent in cells expressing penetration resistance, and genes with
roles in defense aside from hypersensitive cell death are also up- or
down-regulated following powdery mildew infection (Gregersen
et al., 1997).

Reactive Oxygen Species

Reactive oxygen species have been found to be associated with hy-
persensitive cell death in a variety of plant pathosystems. Cyto-
logically detectable accumulation of H2O2 (Thordal-Christensen et
al., 1997) and O2

– (Hückelhoven and Kogel, 1998) both occur during
the hypersensitive response of barley to the barley powdery mildew
fungus but are absent in mutant Mla or Rar plants that do not undergo
a hypersensitive response (Hückelhoven, Fodor, et al., 2000). Impor-
tantly, however, barley plants expressing Mlg-mediated resistance are
associated with a successful papilla response and epidermal cell
death in the absence of detectable O2

– (Hückelhoven and Kogel,
1998), suggesting the O2

– is not necessarily a prerequisite of cell
death in this system. Scavengers of reactive oxygen species reduced
the number of autofluorescent cells indicative of cell death in resis-
tant cowpea cells responding to the cowpea rust fungus (Chen and
Heath, 1994). However, a more recent study demonstrated that ROS
do not accumulate in this system until later in the death process, and
scavengers had no effect on cytoplasmic disorganization, a more reli-



able marker of cell death (Heath, 1998). These latter results suggest
that the role of reactive oxygen species may relate more to the accu-
mulation of autofluorescent phenolic compounds that are deposited
in dying cells by living adjacent cells than to the process of cell death
itself. The involvement of reactive oxygen species in hypersensitive
cell death remains particularly enigmatic, especially given that even
small, perhaps visually undetectable, amounts of the former may in-
teract with other signaling molecules such as salicylic acid (Shirasu
et al., 1997) and nitric oxide (Delledonne et al., 2001) in amplifica-
tion of death-related signals.

How Do Fungi Cope with Defensive Cellular Plant Responses
to Successfully Infect Their Host Plants?

Inducible plant defense responses appear to be the almost inevita-
ble result of attempted fungal penetration, and as a result, any given
plant pathogen seldom infects more than a small number of plant spe-
cies. Nevertheless, fungi successfully infect the tissues of their host
plants, and this must reflect the ability of these fungi to deal with ad-
verse plant responses in some way.

Powdery Mildew Fungi and the Basis
of Induced Accessibility

Attempted penetration of nonhost plant cells by powdery mildew
fungi results in a high frequency of penetration failure. Interestingly,
however, successful penetration of host barley cells by E. graminis
can lead to increased penetration success by the nonpathogen of bar-
ley (E. pisi) when the latter is inoculated subsequently to the same
(Kunoh et al., 1985) or adjacent (Kunoh et al., 1986) epidermal cells,
a phenomenon known as induced accessibility. Importantly, this effect
is dependent on the formation of haustoria by E. hordei (Yamaoka
et al., 1994) and by the dikaryotic stage of the cowpea rust fungus,
Uromyces vignae (Heath, 1983). For the powdery mildew system, in-
duced accessibility may be a result of nutrient (i.e., sugar) depletion
in the infected host cell (Yamaoka et al., 1994), since accessibility is
reversed in the presence of exogenous glucose. This may not, how-
ever, be true for the rust system, where fungal haustoria are in energy-



rich mesophyll cells rather than chloroplast-lacking epidermal cells.
The effect is also seen in susceptible host interactions, where suc-
cessful attacks by E. graminis on barley and oats renders attacked
cells more susceptible to a subsequent attack by the same fungus
(Lyngkjaer and Carver, 2000). This, the authors suggest, will be of
great consequence in the field where plants that are initially funda-
mentally susceptible will become increasingly more susceptible with
subsequent cycles of attack.

One of the primary challenges of biotrophy must be the need to
keep the invaded plant cell alive. Despite the fact that cell death al-
most inevitably follows fungal penetration of nonhost plant cells
(Fernandez and Heath, 1989), biotroph-infected cells frequently re-
main alive for days or even weeks in susceptible host plants. Success-
ful formation of haustoria in host cells by E. graminis completely
suppresses the host-nonspecific cell death response to later attacks by
the same fungus (Carver et al., 1999), and importantly, infection by a
virulent race suppresses host-specific resistance mediated by recog-
nition of the Mla1 resistance gene in barley (Lyngkjaer et al., 2001).

Rust Fungi and the Lack of Wall-Associated Responses
to the Penetration Process

In their host species, rust fungi commonly elicit few of the wall-
associated responses usually associated with plant cell wall penetra-
tion, despite the fact that they elicit a variety of such responses when
they attempt to penetrate the walls of nonhost plants. In epidermal
cells, these nonhost responses to rust fungi occur at an early stage of
the penetration process, and penetration is usually arrested before the
fungus comes into contact with the plant plasma membrane. These
responses can be eliminated by interference with the plant actin
cytoskeleton (Mellersh and Heath, 2001), suggesting that expression
of wall responses requires an active “dialogue” between the plant cell
wall and cytoplasm (Heath, 1997).

In mammalian cells, communication between the extracellular
matrix and the cytoplasm is maintained via interactions between
extracellular proteins containing arginine-glycine-aspartic acid (RGD)
motifs and plasma membrane receptors called integrins (Giancotti
and Ruoslahti, 1999). Exogenous application of peptides containing
the RGD motif interferes with plasma membrane-cell wall adhesion



in plant systems and also interferes with expression of wall-associ-
ated responses in fungal interactions with nonhost plants (Mellersh
and Heath, 2001). Detailed cytological studies using sucrose-induced
plasmolysis can reveal the degree of adhesion between plant cell
walls and the plasma membrane as the latter pulls away during
protoplast contraction. Under normal conditions, plants have numer-
ous membrane-wall attachment points that are visualized by the pres-
ence of “Hechtian strands” following plasmolysis. Powdery mildew
fungi appear to cause increases in the degree of membrane-wall adhe-
sion, visualized by a change from a convex to a concave plasmolysis
morphology, during infection of both host and nonhost plants (Lee-
Stadelmann et al., 1984; Mellersh and Heath, 2001). Rust fungi, in
contrast, cause no change in the strength in membrane wall adhesion,
since they penetrate the walls of nonhost plants, and instead appear to
locally decrease this adhesion under the penetration point in suscepti-
ble or resistant host plants (Mellersh and Heath, 2001). Thus it ap-
pears that rust fungi may locally disrupt adhesion as a means of inter-
fering with the expression of potentially defensive wall responses in
their host species. Determining the fungal molecule responsible for
this decrease in adhesion will provide valuable insight into our under-
standing of host specificity for this important group of plant patho-
gens.

USE OF TRANSGENIC PLANTS TO STUDY EXPRESSION
OF RESISTANCE AT THE CELLULAR LEVEL

Investigation of Cellular Resistance to Powdery Mildew Fungi
Using Transient Expression Systems

Many of the plants for which we have the greatest understanding
of cellular resistance are legumes and cereals. Unfortunately, these
plants have proven difficult and time-consuming to genetically trans-
form. As a result, many researchers have turned to the use of transient
expression systems (Nelson and Bushnell, 1997; Schweizer et al.,
1999). Biolistic transient expression systems are particularly well
suited for situations in which fungi initially infect single epidermal
cells, and thus have been used to clone elusive powdery mildew resis-
tance genes from the complex Mla locus of barley (Halterman et al.,
2001; Zhou et al., 2001), as well as to demonstrate the importance



(Halterman et al., 2001) or lack thereof (Zhou et al., 2001) of signal-
ing components such as Rar1 and associated Rar-interacting proteins
(Azvedo et al., 2002) in the expression of resistance in individual
cells.

Presence of the mlo allele in barley leads to broad-spectrum resis-
tance to all Erysiphe graminis f. sp. hordei isolates tested and is mani-
fested by early arrest of fungal development during the penetration
stage (Schultze-Lefert and Vogel, 2000), in association with an en-
hanced localized plant response to the pathogen (Peterhansel et al.,
1997; von Röpenack et al., 1998; Hückelhoven, Trujillo, and Kogel,
2000). Recently, single-cell transient expression of the wild-type Mlo
gene in mlo barley reinstated susceptibility to the barley powdery
mildew fungus, indicating that mlo functions in a cell-autonomous
manner (Shirasu et al., 1999).

The wild-type Mlo gene encodes a 60 kDa protein (Büschges et al.,
1997) that has features in common with the seven-transmembrane
domain class of plasma-membrane receptors known as G-protein-
coupled receptors (Devoto et al., 1999). However, transient expression
of constitutively activated or inactivated variants of the barley G-pro-
tein -subunit, or RNA-based silencing of the latter in single mlo or
Mlo barley epidermal cells, had no effect on fungal penetration effi-
ciency (Kim et al., 2002), suggesting mlo does not function through
G-protein interactions. Instead, Mlo appears to exert its effect on pen-
etration susceptibility through interactions with calmodulin, a cal-
cium-binding protein. Although increases in cytosolic calcium are
often associated with plant resistance (Xu and Heath, 1998), Mlo
may actually condition cellular susceptibility through suppression of
plant defenses in response to increased calcium levels.

CURRENT WORK IN OUR LABORATORY

Isolation of Fungal Effector Molecules

Cytological studies of rust fungal interactions with their host
plants point to the cell wall as a primary site of determination of both
susceptibility (Mould and Heath, 1999; Mellersh and Heath, 2001)
and resistance (Xu and Heath, 1998; Mould and Heath, 1999). Rust
fungi may produce proteinaceous molecules during the penetration



stage aimed at interfering with the adhesion between the plant cell
wall and plasma membrane, which is required for the expression of
wall-associated responses. In order to identify the fungal molecule(s)
responsible for this effect, we are using a Saccharomyces cerevisiae–based
signal sequence trap technique in which 5' enriched cDNAs from devel-
oping rust fungal basidiospores are fused in frame with a truncated
yeast invertase lacking an initiator methionine and signal sequence.
cDNAs encoding the N-termini of proteins capable of directing this
fusion protein to the secretory pathway are selected for because of
their ability to allow an invertase-deficient strain of yeast to grow on
sucrose medium and are likely to encode proteins relevant to the ini-
tial pathogenesis process, including the adhesion-reducing mole-
cule(s). This screen may also be helpful in cloning peptide cell death
elicitors produced by the cowpea rust fungus (D’Silva and Heath,
1997) that are produced following appressorium formation—the per-
ception of which is believed to occur during penetration of the plant
cell wall (Xu and Heath, 1998; Mould and Heath, 1999).

Early Changes in Transcription of Genes Related
to Rust Resistance or Susceptibility

Recently, extraction and global amplification of mRNA from sin-
gle infected resistant or susceptible host cells at the penetration stage
of rust infection have revealed transcriptional changes for a number
of genes (Mould and Heath, unpublished data). The absence of plant
cell responses related to cell wall penetration at this stage of fungal
infection should ensure that most of these transcriptional changes re-
late specifically to the induction of the hypersensitive response or to
the establishment of cellular compatibility. We plan to manipulate ex-
pression of these genes in single infected and uninfected epidermal
cells using a biolistic single-cell transient expression system in order
to assess their functional relevance during host cell responses to rust
fungi.

CONCLUDING REMARKS

Cell biological data support the plant cell wall as the primary line
of defense against direct-penetrating fungi, especially in the case of
nonhost plants. It is becoming increasingly clear that responses asso-



ciated with the wall are subject to complex regulation by both plant
and pathogen, and it remains a considerable challenge to determine
which features are actually involved in stopping fungal growth. The
cellular events surrounding resistance expressed following success-
ful fungal penetration (i.e., the hypersensitive response) appear equally
complex, and although in recent years have provided considerable in-
sight into how these responses are initiated and executed in individual
systems, truly comparable data of the responses among various plant-
fungal systems remain scarce.

Recent advances in imaging techniques, such as computer en-
hanced video microscopy as well as confocal microscopy, have pro-
vided an opportunity to expand our knowledge of the cellular re-
sponses that occur in living cells (Heath, 2000a), including the
activities of dynamic (and potentially short-lived) molecules such as
ions and proteins. In addition, scientists can now manipulate these ac-
tivities in single cells using transient expression systems and by fix-
ing or displacing cellular components using laser-trapping tech-
niques. Increasing biochemical, molecular, and proteomic data are
available to serve as an important adjunct to cell biology. Together
these techniques should serve to increase the importance of cell biol-
ogy in our understanding of plant resistance to fungal parasites in the
years ahead.
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INTRODUCTION

Plants have evolved a large variety of sophisticated and efficient
defense mechanisms to prevent the colonization of their tissues by
microbial pathogens and parasites. Preformed physical and chemical
barriers constitute the first line of defense. Superimposed upon these
is a series of inducible defense responses that are initiated after suc-
cessful recognition of the invading pathogen. The induced defense
responses can be assigned to three major categories, according to
their distinct temporal and spatial expression patterns (Kombrink and
Somssich, 1995). These categories are as follows:

1. Immediate, early defense responses are initiated in the directly
invaded plant cell upon recognition of the pathogen with signals
being transduced to neighboring cells, frequently leading to
rapid death of few challenged host cells, the so-called hypersen-
sitive response (HR).

2. Subsequent to recognition, local activation of genes occurs in
close vicinity of infection sites, resulting in numerous biochem-
ical and metabolic plant modifications that are well conserved
among different plant-pathogen interactions. They include the
de novo synthesis of proteins involved in the formation of anti-
microbial compounds, so-called phytoalexins, structural proteins
incorporated into the cell wall, and miscellaneous protective
proteins.



3. Systemic activation of genes encoding pathogenesis-related (PR)
proteins, including chitinases and -1,3-glucanases (see Chap-
ter 5), which are directly or indirectly inhibitory toward patho-
gens, occurs temporarily delayed in plant tissues at a distance
from the initial infection site, resulting in the establishment of
an immunity to secondary infections termed systemic acquired
resistance (SAR) (Sticher et al., 1997).

A common response associated with plant disease resistance is the
HR, which occurs nearly ubiquitously in incompatible plant-patho-
gen interactions. It is manifested as rapid collapse and death of host
cells and can be recognized within a few hours after contact between
plant and pathogen occurs. Recent genetic, biochemical, and mor-
phological evidence clearly suggests that HR cell death in plants is
controlled by endogenous genetic mechanisms and hence is a kind of
programmed cell death (PCD), similar to apoptosis of mammalian
cells (Morel and Dangl, 1997; Heath, 1998; Danon et al., 2000). Nev-
ertheless, it remains to be established to what extent cell death during
HR is similar to or different from cell death that also occurs during
other physiological and developmental stages of the plant’s life cycle,
for example, during differentiation of xylem tracheary elements, sex-
ual reproduction, or senescence of specific plant organs such as petals
or leaves (Pennell and Lamb, 1997). Another challenging question is
whether the HR cell death invoked early in the resistance response is
fundamentally different from HR-like cell death that occurs at rela-
tively late time points during development of disease symptoms in
compatible plant-pathogen interactions. It is a popular and common
view that HR cell death has an important defense function and actu-
ally causes disease resistance by depriving the invading pathogen of
nutrients and/or by releasing antimicrobial compounds from the dy-
ing cells. However, in several experimental systems, a separation of
disease resistance from cell death formation has been demonstrated,
indicating that successful restriction of pathogen spread and HR cell
death are not as tightly linked as previously thought (Richael and
Gilchrist, 1999).

In this chapter, we will summarize the common features of HR cell
death as it occurs in incompatible interactions between plant and
pathogen and review the recent evidence providing some insight into



the regulatory mechanisms controlling its execution and its function
in disease resistance. It is not our intention to provide a comprehen-
sive review of the extensive literature on PCD or apoptosis, which is
presently an intensely studied area. For various aspects, the reader is
referred to excellent recent review articles (Hammond-Kosack and
Jones, 1996; Morel and Dangl, 1997; Heath, 2000; Shirasu and
Schulze-Lefert, 2000; Lam et al., 2001).

FEATURES OF THE HYPERSENSITIVE RESPONSE

The term hypersensitive was introduced by Stakman as early as
1915 (Stakman, 1915) to describe the rapid and localized cell death
associated with cereal resistance to the rust fungus Puccinia gram-
inis. Subsequently, the HR was recognized as a general defense reac-
tion in numerous plant-pathogen interactions, irrespective of the in-
ducing pathogen. It occurs in resistant plants in response to pathogenic
viruses, bacteria, fungi, or nematodes and is associated with many
morphological and biochemical changes. However, which of these
changes are causally related to HR induction and which are the con-
sequences of cells dying from infection is not totally clear. In view of
apparent similarities to PCD in animal systems, considerable re-
search effort in recent years has been devoted to determining to what
extent hallmarks of animal apoptosis or PCD can be identified in
plants undergoing HR cell death (Heath, 1998; Danon et al., 2000).

Apoptosis in animal cells is usually associated with a number of
morphological features, such as chromatin condensation, nuclear
blebbing, and cell fragmentation into apoptotic bodies, and at the
very end it results in the ordered disintegration of the cell (Heath,
1998; Danon et al., 2000). These hallmarks are accompanied by bio-
chemical changes, such as specific DNA cleavage to result in distinct
ladders of fragments, activation of specific proteases (caspases) that
activate downstream reactions, degradation of poly (ADP-ribose) poly-
merase that is believed to be involved in DNA repair, and release of
cytochrome c from mitochondria. Many of these morphological and
biochemical markers have been identified in various plant systems
that exhibit developmentally controlled cell death or HR cell death in
response to infection or treatment with toxins (Danon et al., 2000). In



particular, DNA ladders and caspaselike activities have been de-
scribed during HR formation following bacterial and fungal infec-
tion, whereas other markers, such as cytochrome c release or cleav-
age of poly (ADP-ribose) polymerase, have been detected in plant
cells dying from heat or oxidative stress (Heath, 1998; Danon et al.,
2000; Lam and del Pozo, 2000). In general, plant cells dying during
the HR show several but not all hallmarks characteristic of animal
PCD.

In animals, recent progress in research into PCD has resulted in the
identification of proteins and protein domains involved in this pro-
cess (Aravind et al., 1999). Most important, cell death is controlled
by a variety of components, including receptors, adaptors, and down-
stream effectors, that interact via distinct protein interaction domains
in different combinations. On the one hand, striking structural simi-
larities between mediators or regulators of PCD in animals (e.g.,
Ced-4 and Apaf-1) and proteins encoded by plant resistance genes
have been uncovered (Aravind et al., 1999; Dangl and Jones, 2001).
On the other hand, key regulators such as members of the Bcl-2 fam-
ily of proteins that either activate (e.g., Bax) or inhibit (e.g., Bcl-2)
PCD in animals have until now not been identified in plants, nor have
corresponding open reading frames been found in the complete ge-
nome of Arabidopsis thaliana (Danon et al., 2000; Lam and del Pozo,
2000; Lam et al., 2001). From these results, a picture emerges that
cell death pathways in animals and plants share several common fea-
tures, while at the same time apparent differences cannot be ne-
glected. Where appropriate, various aspects related to the functional
similarity or dissimilarity between components of animal PCD and
plant HR will be covered in several subtopics as follows.

PROTEINS INVOLVED IN PATHOGEN RECOGNITION
AND INITIATION OF HR CELL DEATH

Structure and Function of Plant Resistance Proteins

Disease resistance in plants is often mediated by specific interac-
tions between plant resistance (R) genes and corresponding aviru-
lence (avr) genes of the pathogen (Dangl and Jones, 2001). When



corresponding R and avr genes are present in both host and pathogen,
the result is disease resistance; if either gene is inactive or absent, the
result is disease. The simplest model to explain this gene-for-gene in-
teraction suggests a direct binding event between the plant R protein
(receptor) and the pathogen-derived Avr product (ligand), which acti-
vates a signal-transduction cascade leading to HR. Alternatively, R
proteins might detect modifications or conformational changes of
primary targets of Avr proteins, rather that the Avr proteins them-
selves, a concept known as the “guard hypothesis” (Dangl and Jones,
2001). The term “avr gene” is somewhat misleading, as it suggests
that an avirulence function is encoded, which does not seem benefi-
cial for the pathogen. The evolutionary conservation of avr genes in
pathogen genomes as well as recent experimental data suggest that
proteins encoded by avr genes play an important role in the coloniza-
tion of nonresistant host plants and hence are essential virulence fac-
tors of successful pathogens (Kjemtrup et al., 2000). Correspond-
ingly, resistant plants have evolved efficient and fast mechanisms to
recognize these virulence factors (avr gene products) and by mount-
ing appropriate defense mechanisms are able to restrict pathogen pro-
liferation and avoid disease.

In past years, many R genes have been isolated from model and
crop plants (Dangl and Jones, 2001). Depending on the presence of
typical structural motifs, such as a nucleotide-binding domains (NBs),
leucine-rich repeats (LRRs), transmembrane domains (TMs), and
serine/threonine protein kinase domains (PKs), the R genes presently
known encode five classes of proteins (Dangl and Jones, 2001) (see
Chapter 4).

The rice Xa21 gene confers resistance to Xanthomonas oryzae car-
rying the avirulence gene avrXa2 and represents a well-characterized
member of the LRR-TM-PK-type of R protein. Interestingly, several
developmental genes from Arabidopsis thaliana, such as ERECTA
and CLAVATA1, and the gene encoding the brassinosteroid receptor
BRI1, exhibit a domain organization comparable with Xa21 (Jones,
2001). Chimeric gene fusions consisting of the extracellular LRR
plus the TM domain of BRI1 and the intracellular kinase domain of
Xa21 activated defense responses in cultured rice (Oryza sativa L.)
cells after treatment with brassinosteroids (He et al., 2000). From
these results, it has been concluded that different LRR domains rec-



ognize their distinct ligands and that the protein kinase domain speci-
fies the utilized signal-transduction pathway (He et al., 2000).

The tomato (Lycopersicon esculentum Mill.) Cf-X genes represent
another class of R genes that encode transmembrane proteins with
extracellular LRRs and short cytoplasmic domains (Dangl and Jones,
2001). The Cf-4 and Cf-9 genes share high sequence identity (90 per-
cent at the amino acid level) and specify resistance to races of the fun-
gus Cladosporium fulvum carrying the avr4 and avr9 genes, respec-
tively (Jones, 2001). An extensive series of domain swapping and
gene shuffling experiments between Cf-4 and Cf-9 uncovered that
recognition specificity resides mainly in the LRRs and may involve
many (Cf-9) or only distinct repeats (Cf-4) (Jones, 2001).

The tomato Pto gene, conferring resistance to Pseudomonas syringae
carrying avrPto, is unique in that it encodes a Ser/Thr kinase and con-
sists of a PK domain only, whereas putative Avr recognition domains
(LRRs) are absent. This unusual structural feature indicates that Pto
may have the capacity to activate a signal transduction cascade by
phosphorylation, whereas direct signal perception via LRR-mediated
protein-protein interaction is not possible (Dangl and Jones, 2001).
Nonetheless, Pto represents one of the rare R proteins, for which a di-
rect interaction with its cognate avirulence gene product has been
demonstrated (Tang et al., 1996). Based on the domain structure of
Pto and the fact that it requires the NB-LRR protein Prf for its func-
tion, it has been postulated that Pto is a more general component of
the plant defense system which is actively targeted by AvrPto to sup-
port growth of the invading pathogen. In this model, Prf functions as a
guard that detects modifications or conformational changes of Pto by
AvrPto, which then initiates the HR and other defense responses
(Dangl and Jones, 2001).

The largest class of R genes encodes NB-LRR proteins, which are
localized in the cytosol or may be associated with the plasma mem-
brane (Dangl and Jones, 2001). The NB domains of these plant R gene
products share significant similarities with domains localized in
nematode Ced-4 and mammalian Apaf-1 proteins, which both func-
tion as cell death effectors and are involved in the activation of
apoptotic proteases such as caspase-9 (Aravind et al., 1999; Dangl
and Jones, 2001). Because the Avr/R interaction commonly induces



HR, this observation strongly suggests that functional similarities ex-
ist between PCD in animals and the HR cell death in plants.

NB-LRR proteins can be subdivided into two classes according to
their structural features. The N-terminal region of one subclass ex-
hibits homology with the intracellular signaling domains of the
Drosophila Toll and mammalian interleukin-1 receptors (TIR). R
proteins of this subclass are therefore designated TIR-NB-LRR pro-
teins. In animal systems, Toll-like receptors are commonly responsible
for recognition of so-called PAMPs (pathogen-associated molecular
patterns), such as lipoproteins, peptidoglycans, lipopolysaccharides,
and flagellin (Suzuki et al., 2002). The second subclass of NB-LRR
proteins, instead of a TIR domain, carries a putative coiled-coil (CC)
domain at the N-terminus. Correspondingly, these R proteins are des-
ignated CC-NB-LRR proteins (also referred to as leucine-zipper-
class, LZ-NB-LRR proteins). CC or LZ domains are thought to facili-
tate protein dimerization. However, dimers of R proteins have not yet
been reported.

An astonishing feature of NB-LRR R gene organization is the exis-
tence of extensive allelic series of resistance specificities at several
individual loci scattered throughout the genomes analyzed so far
(Dangl and Jones, 2001; Jones, 2001). One example for such excep-
tional diversification of R genes is the barley (Hordeum vulgare L.)
Mla locus, encoding more than 30 different resistance specificities
(Mla-1 to Mla-32) against different isolates of barley powdery mil-
dew, Blumeria graminis f. sp. hordei (Schulze-Lefert and Vogel,
2000). Within a genomic interval of 240 kb, at least 11 genes encod-
ing NB-LRR proteins have been identified that fall into three distinct
classes, one of which represents CC-NB-LRR proteins, and the other
two truncated variants thereof (Halterman et al., 2001). The complete
genome sequence of Arabidopsis has uncovered an even more com-
plex structure of R genes in this plant, with more than 100 R loci scat-
tered over all chromosomes, and more than 150 sequence homo-
logues of the NB-LRR-type of R genes (Dangl and Jones, 2001).
Although the evolutionary mechanisms of R gene diversification are
still a point of discussion, the opportunity to compare an allelic series
of R proteins represents an important source of information for un-
raveling the functions of their distinct domains. This might then al-
low the design of new R gene specificities by in vitro recombination.



Successful domain-swap experiments between R alleles have indi-
cated that specificity largely resides in the C-terminal LRR repeats,
as demonstrated for different types of resistance genes, including flax
L, rice Xa21, and tomato Cf-9. However, a contribution of the N-termi-
nal and C-terminal regions cannot be dismissed (Jones, 2001).

Additional Components Required for R Protein Function

Mutational analyses in several plants have defined loci that are re-
quired for R gene function. In the model plant Arabidopsis thaliana,
several signal-transduction components were identified that connect
R-gene-specific pathogen recognition with the initiation of HR cell
death. One important result from these studies is that R proteins of the
CC-NB-LRR and TIR-NB-LRR type utilize different disease-resis-
tance signaling pathways (Feys and Parker, 2000; Shirasu and Schulze-
Lefert, 2000; Dangl and Jones, 2001). The eds1 mutant was identi-
fied in a screen for loss of race-specific resistance to the oomycete
Peronospora parasitica, specified by the RPP5 gene (TIR-NB-LRR-
type) in the Arabidopsis accession Landsberg erecta. Further studies
revealed a more general dependence of TIR-NB-LRR, but not CC-
NB-LRR, R proteins on a functional EDS1 protein (Feys et al.,
2001). Since EDS1 contains a domain with significant similarity to
eukaryotic lipases, the protein may function by hydrolyzing or bind-
ing a lipidlike molecule. However, neither enzyme activity nor iden-
tity of a potential substrate has yet been established (Falk et al.,
1999).

PAD4 is another lipaselike Arabidopsis protein required for the
proper function of TIR-NB-LRR proteins (Feys et al., 2001). The
pad4 mutant was originally identified in a screen for plants with en-
hanced disease susceptibility to a virulent strain of the bacterium
Pseudomonas syringae and was subsequently characterized as a com-
ponent necessary for phytoalexin (i.e., camalexin) and salicylic acid
(SA) accumulation (Glazebrook, 2001). Recently, it was demon-
strated that EDS1 can dimerize or form heterodimers with PAD4 and
that both proteins are required for accumulation of the signaling mol-
ecule salicylic acid (Feys et al., 2001). Nonetheless, both proteins ap-
parently fulfill distinct functions in defense-signaling pathways. EDS1
is an essential component of HR formation and is associated with



early plant defense responses, such as the oxidative burst. Therefore,
in eds1 mutants, HR cell death is suppressed and pathogen growth is
not restricted. In contrast, PAD4 appears to strengthen or multiply an
activity downstream of HR initiation. Thus, in pad4 mutants (EDS1
wild-type), HR formation does occur but is insufficient to fully re-
strict pathogen growth, resulting in a typical phenotype, the forma-
tion of trailing necrotic lesions (Rustérucci et al., 2001).

NDR1, in contrast to EDS1 and PAD4, is required for the function
of a subset of R proteins of the CC-NB-LRR type, such as RPM1 and
RPT2. Mutations in NDR1 do not compromise TIR-NB-LRR pro-
tein-dependent resistant reactions, indicating that EDS1/PAD4 and
NDR1 differentiate R-gene-mediated events conditioned by particu-
lar R protein structural types (Feys and Parker, 2000). NDR1, a basic
protein with two putative membrane attachment domains, was identi-
fied by screening for loss of RPM1-mediated resistance to the bacte-
rial pathogen Pseudomonas syringae carrying avrB (Century et al.,
1995, 1997). Interestingly, both resistance and HR formation medi-
ated by the RPT2 gene are strictly dependent on a functional NDR1
protein, while the RPM1 gene can trigger an HR-like reaction even in
ndr1 mutants, although growth of bacteria carrying avrRPM1 or
avrB is not restricted (Century et al., 1995). These observations indi-
cate that certain R proteins might interact with different downstream
signaling components or that HR formation and resistance could be
separated under certain circumstances.

In barley, many of the Mla-specified resistances against Blumeria
graminis f. sp. hordei (e.g., Mla6, Mla9, Mla12) require for their
function at least two additional genes, called Rar1 and Rar2 (Schulze-
Lefert and Vogel, 2000). The rar1-1 and rar1-2 mutations were origi-
nally isolated as suppressors of Mla12 (Jørgensen, 1996). However,
the most remarkable recent finding is that structurally highly con-
served Mla alleles differ in their requirement for Rar1, which en-
codes a novel intracellular protein with two zinc-binding motifs, des-
ignated CHORD (cysteine- and histidine-rich domain), that are also
found in proteins from other higher organisms (Shirasu et al., 1999).
For example, Mla1, in contrast to Mla6, confers Rar1-independent
resistance, although both R genes encode proteins of the CC-NB-
LRR type with 91 percent sequence identity (Halterman et al., 2001;
Zhou et al., 2001). This points to the existence of more than one race-



specific signaling pathway induced by different R proteins of the
same structural type and raises the question of how such a function is
exerted by structurally highly homologous NB-LRR proteins.

During Mla12-specified resistance of barley to Blumeria graminis
f. sp. hordei, HR cell death usually occurs at 24 h postinoculation in
attacked epidermal cells and is preceded by an H2O2 burst (Hückel-
hoven et al., 1999; Shirasu et al., 1999). Mutants in Rar1 and Rar2 are
compromised in epidermal H2O2 accumulation and fail to execute
HR cell death and pathogen resistance (Shirasu et al., 1999). This
places Rar1 upstream of an H2O2 burst that might drive the attacked
cells into programmed suicide.

SMALL MOLECULES INVOLVED IN SIGNALING
AND EXECUTION OF HR CELL DEATH

One of the most rapid plant responses engaged following pathogen
recognition is the oxidative burst, which constitutes the production of
reactive oxygen intermediates (ROI), primarily superoxide (O2

–) and
hydrogen peroxide (H2O2), at the site of attempted invasion (Lamb
and Dixon, 1997; Wojtaszek, 1997; Grant and Loake, 2000). It has
been suggested that the oxidative burst and cognate redox signaling
may play a central role in integration and coordination of the multi-
tude of plant defense responses (Lamb and Dixon, 1997).

Superoxide anion generation in relation to HR was first reported
for potato tuber slices inoculated with an avirulent race of Phytoph-
thora infestans (Doke, 1983). Subsequently, the oxidative burst has
been identified in numerous plant-pathogen interactions involving
different kinds of pathogens. The origin of ROI generated during the
oxidative burst is not unequivocally established, but candidate reac-
tions are the action of a plasma membrane-located NADPH-depend-
ent oxidase complex and cell wall peroxidases (Wojtaszek, 1997;
Grant and Loake, 2000). The cytotoxicity and reactive nature of O2

–

requires its cellular concentration to be carefully controlled, which
can be achieved by induction of antioxidant enzymes, such as gluta-
thione S-transferase, glutathione peroxidase, or ascorbate peroxidase
(Wojtaszek, 1997; Smirnoff, 2000).



ROI accumulation is a rapid event that precedes HR cell death in
many plant-pathogen interactions showing R-gene-triggered resis-
tance (Kombrink and Somssich, 1995; Wojtaszek, 1997). Rapid and
biphasic ROI accumulation has been observed in several cultured
plant cell systems in response to bacterial or fungal elicitors, i.e., avr
gene products (Levine et al., 1994; Jabs et al., 1997; Wojtaszek,
1997). While the first peak was considered nonspecific, the second
sustained ROI burst was dependent on the pathogen race and only oc-
curred with avirulent bacteria. Collectively, these data suggest a dual
function for ROI in disease resistance: (1) direct participation in the
development of host cell death during HR as well as direct inhibition
of the pathogen, and (2) a role as a diffusable signal for induction of
cellular protectants and defense responses in neighboring cells. Thus
the strict spatial limitation of HR cell death may be the result of a
dose-dependent action of ROI (Lamb and Dixon, 1997).

In animal cells, nitric oxide (NO) is known to act as second mes-
senger in concert with ROI in processes such as the innate immune
response, inflammation, and PCD. Recently it was shown that NO
might also play an important role in the regulation of defense re-
sponses in plants. Infection of resistant, but not susceptible, tobacco
plants with tobacco mosaic virus (TMV) resulted in enhanced NO
synthase activity (Durner et al., 1998). Furthermore, external appli-
cation of NO induced salicylic acid accumulation and PR gene ex-
pression, and NO inhibitors blocked both effects. This suggests that
several critical players of animal NO signaling, such as cyclic GMP
or cyclic AMP-ribose, are also operative in plants (Durner et al.,
1998; Klessig et al., 2000). In cultured soybean (Glycine max L.)
cells, it was demonstrated that the efficient induction of HR cell death
required a balance between ROI and NO production, whereas unreg-
ulated NO production was not sufficient to induce HR cell death
(Delledonne et al., 2001).

Other rapid changes observed following pathogen recognition are
selective ion fluxes across the plasma membrane (Kombrink and
Somssich, 1995; Nürnberger and Scheel, 2001). Although rapid re-
sponses have been extensively studied in appropriate model systems,
such as cultured cells stimulated with defined elicitors, some debate
concerns the precise temporal order in which they occur. In cultured
parsley cells, it has been established that ion fluxes (H+, K+, Cl–,



Ca2+) precede the oxidative burst (Jabs et al., 1997), whereas in cul-
tured soybean (Glycine max L.) cells, the oxidative burst apparently
precedes and stimulates a rapid influx of Ca2+, which then leads to
HR cell death (Levine et al., 1996; Morel and Dangl, 1997). The spe-
cific requirement of calcium signaling in HR cell death had been sug-
gested from studies using ionophores and calcium-channel blockers
(Jabs et al., 1997; Nürnberger and Scheel, 2001). Recent work suggests
that this dependence on Ca2+ may involve specific isoforms of calmodu-
lin, since HR-like cell death, PR protein gene expression, and broad-
spectrum disease resistance were induced by transgenic expression of
soybean calmodulin-encoding genes in tobacco (Heo et al., 1999). The
molecular mechanisms of these calmodulin-induced responses are not
yet known; however, it was recently demonstrated that calmodulin di-
rectly interacts with the barley Mlo protein and regulates defense
against powdery mildew (Kim et al., 2002).

The function of salicylic acid as a crucial signal molecule that is in-
volved in systemic acquired resistance and PR gene expression has
been known for many years (Sticher et al., 1997). More recently, SA
has also emerged as a positive feedback regulator of cell death during
the HR (Feys and Parker, 2000). This was first suggested from studies
with lesion mimic mutants of Arabidopsis (Weymann et al., 1995).
The spontaneous cell death formation in the lsd6 and lsd7 mutants
was suppressed by transgenic expression of the NahG gene, encoding
a bacterial SA hydroxylase that degrades SA to catechol. Additional
lesion-mimic mutants, ssi1 and acd6, that were recently isolated also
show a SA-dependent HR phenotype (Rate et al., 1999; Shah et al.,
1999). Furthermore, SA depletion in tobacco by NahG expression
delayed HR cell death after infection with avirulent bacteria, and this
delay was correlated with a reduced and delayed oxidative burst
(Draper, 1997). Taken together, these data suggest that SA, in addi-
tion to SAR signaling, also has a role in early and local defense regu-
lation by amplifying and sustaining the oxidative burst. In fact, SA
might act in concert with ROI to define the threshold required for ini-
tiation of HR cell death.

NEGATIVE REGULATORY COMPONENTS

In order to survive pathogen attack, it is essential for the plant to
establish fast and efficient defense responses, including HR cell



death, but it is equally important to minimize tissue damage by limit-
ing the HR to the few directly affected cells. Thus the sensitive mech-
anisms triggering HR cell death after infection have to be balanced by
mechanisms that prevent HR in the absence of pathogens. Based on
these considerations, it seems reasonable to assume that some com-
ponents of defense-signaling pathways function as negative regula-
tors of cell death, and likewise, that certain positive regulatory com-
ponents are degraded after initiation of HR cell death in order to
prevent deleterious spread of HR lesions beyond the infected area.
Both assumptions are supported by recent evidence.

In Arabidopsis thaliana, the R gene product RPM1, conferring re-
sistance to Pseudomonas syringae strains expressing either avrRpm1
or avrB, is rapidly degraded during incompatible interactions, con-
comitant with the onset of the HR. This observation points to the ex-
istence of a negative feedback loop controlling the extent of cell death
at the site of infection (Boyes et al., 1998).

A large number of mutants have been isolated from a variety of
plant species, including Arabidopsis, maize, barley, and tomato, that
show a spontaneous cell death phenotype even in the absence of a
pathogen. Such mutants are commonly classified as lesion mimics,
and in fact, some of them provide evidence for the existence of cell-
death protection systems in plants that actively suppress the HR in
uninfected tissue. Lesion mimics may or may not exhibit enhanced
pathogen resistance, depending on the type of lesion and/or the life-
style of the pathogen (Shirasu and Schulze-Lefert, 2000). Likewise,
development of cell death is often associated with the induction of
defense-related markers, such as callose deposition or PR gene ex-
pression.

In the Arabidopsis lsd1 mutant, elevated resistance against nor-
mally virulent bacterial and fungal pathogens is associated with a
spreading lesion phenotype; i.e., once initiated, lesions spread and fi-
nally consume the entire leaf (Dietrich et al., 1994, 1997). This type
of mutant obviously fails to limit the extent of cell death formation,
not only in response to infection but also upon exposure to other stim-
uli, such as extracellular application of superoxide or salicylic acid,
which both initiate the so-called runaway cell death phenotype. The
LSD1 gene encodes a protein with three zinc finger domains, which
may confer binding capacity for other proteins or nucleic acids, and



therefore it was proposed that the LSD1 protein functions as a
transcriptional activator (Dietrich et al., 1997). Since LSD1 was re-
cently shown to be part of a signaling pathway leading to the induc-
tion of copper zinc superoxide dismutase, it has been suggested that
the spreading lesion phenotype of lsd1 results from an insufficient
detoxification of accumulating superoxide and other ROI, which then
trigger a cell death cascade even in unaffected tissue (Kliebenstein
et al., 1999).

Results accumulating over the past few years have clearly shown
that various types of protein kinases participate in the activation of
plant defense responses, including HR cell death (Romeis, 2001).
However, two recent examples indicate that MAP kinase (mitogen-
activated protein kinase) cascade components may also function as
negative regulators of defense responses. First, the Arabidopsis mpk4
mutant, containing the transposon-inactivated MAP kinase 4, exhib-
ited an increased resistance to virulent pathogens and constitutive
systemic-acquired resistance, accompanied with elevated levels of
salicylic acid and constitutive PR gene expression (Petersen et al.,
2000). Thus the potential MAP kinase cascade utilizing MPK4 ap-
parently has a negative regulatory role in the plant defense response.
Second, the Arabidopsis EDR1 gene was found to encode a putative
MAPKKK (mitogen-activated protein kinase kinase kinase) with sig-
nificant sequence similarity to CTR1, a negative regulator of ethylene
responses (Frye et al., 2001). The recessive edr1 mutant showed en-
hanced resistance against the bacterium Pseudomonas syringae and
the powdery mildew fungus Erysiphe cichoracearum. Significantly,
the edr1 mutant does not constitutively express defense responses,
unlike many other disease-resistant mutants of Arabidopsis, but after
infection, callose deposition, PR gene expression, and HR cell death
are induced much faster than in wild-type plants. Taken together,
these results suggest that EDR1 functions at the top of a MAP kinase
cascade that negatively regulates defense responses (Frye et al.,
2001).

In barley, mlo alleles confer broad-spectrum disease resistance to
nearly all races of the powdery mildew fungus Blumeria graminis f.
sp. hordei (Schulze-Lefert and Vogel, 2000). Similar to lsd1 in
Arabidopsis, mlo is a recessive mutation in barley, and isolation of the
Mlo gene confirmed that the resistance phenotype is indeed caused



by loss-of-function mutations in the wild-type gene (Büschges et al.,
1997). The 60 kDa Mlo protein is anchored in the plasma membrane
by seven transmembrane domains, a topology and subcellular local-
ization reminiscent of G-protein-coupled receptors (Devoto et al.,
1999). However, such a function was dismissed by recent experimen-
tal evidence (Kim et al., 2002). Instead, it was demonstrated that Mlo
interacts with calmodulin and that the loss of calmodulin binding par-
tially impairs Mlo wild-type activity of modulating defense responses
against pathogens (Kim et al., 2002). Mutations in each of two addi-
tional genes, Ror1 and Ror2, compromise the resistance of mlo
plants, suggesting that wild-type Mlo functions as a negative regula-
tor of resistance responses (requiring Ror1 and Ror2) and that the
lack of Mlo primes defense responses in mlo plants (Schulze-Lefert
and Vogel, 2000). This is further supported by the observation that
mlo mutants form spontaneous lesions in the absence of a pathogen.
The mlo lesion-mimic phenotype may further indicate the involve-
ment of a threshold control for initiation of the HR pathway, which
may be the final step of increasingly severe cellular resistance reac-
tions, as previously proposed for the lsd1 lesion mimic (Dietrich
et al., 1994; Morel and Dangl, 1997).

IS PROTEIN DEGRADATION IMPORTANT
FOR EXECUTION OF HR CELL DEATH?

As outlined earlier, increasing evidence suggests that removal of
negative regulatory components may play an important role in the ex-
ecution of plant HR cell death. In the case of proteinaceous factors,
this could be achieved by proteases with high substrate specificity or
alternatively by specific targeting of such proteins to the ubiquitin-
proteasome degradation pathway.

It is well established that activation of regulatory protease cascades
is required for the initiation of PCD in animal cells (Grütter, 2000). The
most prominent family of proteases involved in this process carries a
cysteine in their catalytic site and cleaves specifically after an aspartate
residue; therefore, these proteases are called caspases (cysteine depend-
ent aspartate-specific proteases). Caspases are (auto)activated from an
inactive zymogen after binding of an extracellular signal molecule to



its cognate receptor or as a consequence of intracellular stresses. After
activation, the initiator caspases process additional downstream effector
procaspases, which finally lead to the execution of cell death by re-
moval of suppressors of apoptosis (Aravind et al., 1999; Grütter,
2000). In plants, proteases with significant sequence similarity to
caspases have not yet been identified, nor are such proteins encoded
in the complete Arabidopsis genome (Estelle, 2001). However, by us-
ing specific peptide substrates and selective protease inhibitors, cas-
paselike activities have recently been identified in plants. For exam-
ple, caspaselike activities have recently been detected in tobacco
tissue undergoing a virus-induced HR, as well as in the cytosol of em-
bryonic barley cells and in the giant cells of the algae Chara corallina
(Korthout et al., 2000; Lam and del Pozo, 2000). Another feature of
PCD in animal cells is the specific cleavage of poly (ADP-ribose)
polymerase (PARP) by caspase-3. Corresponding with the activation
of caspase-3-like activity, PARP degradation has been observed in
cultured tobacco cells upon heat treatment (Estelle, 2001).

Although data suggesting a participation of caspaselike proteases
in regulation of cell death in plants are still indirect, increasing evi-
dence suggests that regulatory proteins are specifically targeted to the
ubiquitin/proteasome degradation pathway. In this pathway, ubiquitin
becomes covalently attached to the protein destined for degradation by
an ATP-dependent reaction cascade comprising three enzymes or en-
zyme complexes (Callis and Vierstra, 2000). E1 (ubiquitin-activating
enzyme) catalyzes the formation of an activated ubiquitin that is sub-
sequently transferred to the cysteinyl sulfhydryl group of a second
enzyme called E2 (ubiquitin-conjugating enzyme). E2s represent a
large family of proteins with at least 36 isoforms in Arabidopsis
(Callis and Vierstra, 2000). The transfer of ubiquitin to its target pro-
tein requires a third specificity-conferring protein or protein complex
called E3 (ubiquitin ligase). The highly diverse E3s have been grouped
into four classes, including the SKP1-Cullin-F-box (SCF) E3 ligase
subtype, which is named after the three yeast protein subunits: sup-
pressor of kinetochore protein 1 (Skp1p), cell-division cycle 53
(Cullin), and F-box proteins (Callis and Vierstra, 2000). Following
monoubiquitination, subsequent attachment of additional ubiquitin
units to the primary ubiquitin residue leads to the formation of poly-



ubiquitinated proteins, which are then targeted for degradation by the
26S proteasome.

A direct link between resistance and protein ubiquitination has re-
cently been discovered in barley and Arabidopsis. As outlined earlier,
race-specific resistance of barley to powdery mildew that is mediated
by some Mla alleles, such as Mla6 and Mla12, requires the additional
components Rar1 and Rar2. To elucidate the molecular function of
RAR1 in plants, the Arabidopsis homologue AtRAR1 was used as
bait in a yeast two-hybrid screen to search for interacting proteins.
Thereby, two interacting proteins were identified, AtSGT1a and
AtSGT1b, which shared extensive sequence similarity to each other
and to the yeast protein SGT1 (Azevedo et al., 2002). In yeast, SGT1
is an essential regulator of the cell cycle. Its function could be com-
plemented by both AtSGT1a and AtSGT1b, suggesting that these
proteins are functional orthologs of yeast SGT1. In addition, yeast
SGT1 is associated with the kinetochore complex and the SCF-type
(Skp1-Cullin-F-box) E3 ubiquitin ligase (Kitagawa et al., 1999). In
barley, immunoprecipitation experiments demonstrated that SGT1
interacts not only with either RAR1 and SCF subunits, but also with
two subunits of the COP9 signalosome, which are closely related to
the lid complex of the 26S proteasome (Karniol and Chamovitz,
2000; Azevedo et al., 2002). Thus one possible role of plant SGT1
could be to target resistance-regulating proteins for polyubiquitin-
ation and subsequent degradation by the 26S proteasome.

In Arabidopsis, mutational screens independently identified ortho-
logs of barley RAR1 and SGT1 as components of resistance specified
by multiple resistance genes of the CC-NB-LRR type (e.g., RPM1,
RPS2, RPP8) and TIR-NB-LRR type (e.g., RPP5, RPS4), recogniz-
ing different bacterial (Pseudomonas syringae) and oomycete (Per-
onospora parasitica) pathogens (Austin et al., 2002; Muskett et al.,
2002). The sgt1b mutation suppressed resistance against Perono-
spora parasitica mediated by the RPP5 gene, but not as much as the
rpp5 null mutation, and the rar1 null mutant likewise partially sup-
pressed RPP5-mediated resistance (Austin et al., 2002). The sgt1b/rar1
double mutant exhibited an additive effect of both genes in compro-
mising RPP5-mediated resistance with substantially delayed plant
HR cell death and whole-cell ROI accumulation (Austin et al., 2002;
Muskett et al., 2002). This finding is in agreement with the results ob-



tained by Azevedo and colleagues (2002), who demonstrated a physi-
cal interaction between RAR1 and SGT1 and that SGT1 exists in at
least two pools (SGT1/RAR1 and SGT1/SCF) with presumably dif-
ferent functions. Collectively, these and additional findings by Tör
and colleagues (2002) demonstrated that RAR1 and SGT1 are con-
vergence points of defense signaling conferred by several R genes in
different plants, and that both have partially combined and distinct
roles in resistance, one of which is presumably related to ubiquiti-
nation of still-unknown targets.

In addition to ubiquitin, several other ubiquitin-like polypeptide
tags such as SUMO (small ubiquitin-like modifiers), RUB (related to
ubiquitin), and APG12 (autophagy-defective-12) have been identi-
fied in plants. Similar to ubiquitin, these alternative modifiers are at-
tached to -lysyl groups of target proteins, thereby influencing their
structure, location, and turnover (Vierstra and Callis, 1999). Evi-
dence for the involvement of the ubiquitin-like modifier SUMO-1 in
disease resistance was recently obtained for the interaction between
Nicotiana benthamiana and the bacterial pathogen Xanthomonas
campestris (Orth et al., 2000). The bacterial avirulence gene product
AvrBsT induces HR cell death and shares significant similarity with
the YopJ protein of the human pathogen Yersinia pestis, which inhib-
its the host immune response. These YopJ family members were
shown to act as cysteine proteases, specifically removing SUMO-1
residues from its protein conjugates (Orth et al., 2000). Protease-in-
active variants of AvrBsT, generated by site-directed mutagenesis,
were defective in HR induction. These results indicate the impor-
tance of ubiquitin-like protein conjugation and deconjugation in reg-
ulation of defense-related signaling pathways leading to HR cell
death.

THE ROLE OF CELL ORGANELLES
IN HR INDUCTION

In the animal system, mitochondria represent an important regula-
tory unit of at least one main pathway leading to PCD. The role of this
organelle seems to include sensing and amplification of cellular
stress signals arising from other subcellular compartments, such as



the nucleus, the endoplasmic reticulum, the cytoskeleton, or the plas-
ma membrane (Ferri and Kroemer, 2001). During the onset of PCD,
proteinaceous factors modify the permeability of the outer mitochon-
drial membrane, which subsequently allows the release of several
cell-death activators, including cytochrome c. By interaction with
other proteins in the cytosol, cytochrome c can activate the initiator
caspase, procaspase-9, thereby finally inducing the ordered disas-
sembly of the cell (Green, 2000). In addition to responding to pro-
teinaceous intracellular death signals, mitochondria may also initiate
apoptosis in response to changes in the levels of low molecular
weight messengers, such as calcium, to changes in intracellular pH or
to changes in the concentration of metabolites reflecting the energy
status of the cell, such as ATP, ADP, NADH, etc. (Lam et al., 2001).

Although it is not clear whether cytochrome c leakage occurs dur-
ing HR cell death in plants, different lines of evidence indicate that
plant mitochondria are involved in the regulation of cell death (Lam
et al., 2001). For example, the HR-inducing bacterial virulence factor
harpin disrupts mitochondrial functions, such as ATP synthesis in to-
bacco cell cultures or heat dissipation by alternative oxidase (AOX)
in Nicotiana sylvestris leaves (Xie and Chen, 2000; Boccara et al.,
2001). AOX is a protein of the inner mitochondrial membrane, which
is exclusively found in plants. It catalyzes an electron flow from the
ubiquinol pool to oxygen, thereby creating an electron shunt that by-
passes complexes III and IV of the respiratory chain and dissipates
energy as heat. Plants deficient in AOX showed increased levels of
ROI in the mitochondria and rapid cell death activation concomitant
with enhanced expression of defense genes such as PR-1. In contrast,
activation or overexpression of AOX suppressed the induction of
ROI, the expression of PR-1, and reduced the development of HR
symptoms (Lam et al., 2001). These results underscore the impor-
tance of the mitochondrial ROI production as one step in intracellular
stress signaling.

In addition to mitochondria, several other plant organelles can pro-
duce ROI. Photooxidative processes in chloroplasts under high-light
conditions and oxidation of the photorespiration product glycolate in
peroxisomes are also sources of ROI, indicating that these organelles
might also participate in HR-associated cell death signaling. The im-
portance of photooxidative ROI production for HR development is



strengthened by the observation that the HR phenotype of several
Arabidopsis lesion-mimic mutants, including lsd1 and lsd3, is sup-
pressed under short-day conditions (Dietrich et al., 1994). Likewise,
catalase-deficient tobacco plants exposed to high light intensities de-
veloped necrotic lesions, which may be caused by excess ROI pro-
duced by chloroplast metabolism (Chamnongpol et al., 1996). In
agreement with the assumption that perturbation of photosynthesis or
other chloroplast functions may induce HR-like cell death is the re-
cent characterization of the Arabidopsis ACD2 gene, which encodes
a red chlorophyll catabolite reductase (Mach et al., 2001). It has been
suggested that the cell death phenotype of acd2 mutant plants is
caused by the accumulation of chlorophyll breakdown products,
which might be specific triggers of cell death or might function by
their ability to absorb light and generate free radicals (Mach et al.,
2001). Recently, the plastid-localized protein DS9 was shown to
modulate the extent and timing of lesion development in tobacco
upon infection by tobacco mosaic virus (TMV) (Seo et al., 2000). In
plants with reduced levels of the DS9 protein, necrotic spots induced
by TMV were smaller, whereas overexpression of DS9 resulted in
larger lesions and enhanced systemic spread of the virus, i.e., a re-
duced level of resistance. DS9 shares significant similarity with the
Escherichia coli protein FtsH, which can act either as an ATP-
dependent metalloprotease or as a chaperone. Because both functions
serve as quality-control mechanisms for cellular proteins or protein
complexes, these observations indicate that in the absence of DS9,
accumulation of misfolded proteins in the chloroplasts may directly
or indirectly act as a signal for the induction of HR cell death.

IS HR CELL DEATH REQUIRED FOR RESISTANCE?

Although the HR is a common feature of plant-pathogen interac-
tions and cell death is apparently tightly associated with disease re-
sistance, it is still an open question whether the occurrence of HR is a
prerequisite for resistance. Indeed, several examples demonstrate
that resistance of plants can be uncoupled from HR development for
different types of plant-pathogen interactions, which casts doubt on its
direct involvement in disease resistance (Richael and Gilchrist, 1999).



An example demonstrating that R-gene-dependent resistance against
a virus is not associated with HR cell death is the interaction of potato
with potato virus X (PVX). The potato Rx gene, a resistance gene of
the CC-NB-LRR type, is thought to participate in perception of the
PVX coat protein, thereby initiating efficient defense responses. The
most striking feature of Rx-mediated resistance is the rapid arrest of
PVX accumulation in the initially infected cell. However, this inhibi-
tion of pathogen spread is not associated with HR cell death (Köhm
et al., 1993). The phenomenon was designated extreme resistance,
and to elucidate whether this is a particular feature of potato, a trans-
genic approach using modified plants and viruses was applied. First,
transgenic Nicotiana tabacum and N. benthamiana containing the Rx
gene exhibited the same rapid arrest of PVX accumulation without
HR, demonstrating that HR-independent resistance is not a particular
characteristic of potato and can be transferred to heterologous plant
species (Bendahmane et al., 1999). Second, HR cell death was trig-
gered by constitutive overexpression of PVX coat protein in tobacco
containing the Rx gene, indicating that sustained expression of the
coat protein elicitor could force extreme resistance to HR resistance
(Bendahmane et al., 1999). Finally, to test the relationship between
extreme resistance and HR cell death formation as determined by the
tobacco N gene (TIR-NB-LRR type, conferring resistance to TMV),
transgenic TMV expressing both the TMV coat protein and PVX coat
proteins of a virulent or an avirulent strain were generated. Tobacco
plants containing only the N gene showed resistance and typical HR
symptoms after inoculation with the recombinant TMV expressing
both types of PVX coat protein. HR formation was also observed
when Nicotiana tabacum lines containing both the N gene and the
transgenic Rx gene were inoculated with the recombinant TMV ver-
sion carrying the PVX coat protein of the virulent strain. In contrast,
inoculation of tobacco lines of the N and Rx genotype with TMV car-
rying the PVX coat protein of the avirulent strain resulted in resis-
tance without triggering HR cell death (Bendahmane et al., 1999).
Taken together, these results demonstrate that Rx-mediated extreme
resistance was activated before N-mediated onset of HR and that ex-
treme resistance is epistatic to induced HR.

Likewise, Arabidopsis thaliana mutants have been derived that
display effective gene-for-gene resistance against bacteria without



HR cell death (Bowling et al., 1994; Yu et al., 1998). Screening of a
mutagenized Arabidopsis line containing the RPS2 gene by inocula-
tion with a Pseudomonas syringae strain expressing avrRpt2 identi-
fied plants mutated at the DND1 locus. These mutant dnd1 plants
were defective in mounting HR cell death, which is specified by the
avrRpt2/RPS2 gene pair in the wild-type interaction, but they re-
tained characteristic responses to avirulent Pseudomonas syringae
strains, such as induction of PR proteins and strong restriction of
pathogen growth (Yu et al., 1998). They also exhibited enhanced re-
sistance against a broad spectrum of virulent fungal, bacterial, and vi-
ral pathogens. The DND1 gene was recently identified to encode a
cyclic nucleotide-gated ion channel, which allows the passage of
Ca2+, K+, and other cations (Clough et al., 2000). This result empha-
sizes the importance of ion fluxes in plant defense signaling due to
physiological changes in membrane permeability that have frequently
been observed in plant-pathogen interactions. Since levels of sali-
cylic acid and mRNAs encoding PR proteins are elevated in dnd1
plants, it has been suggested that this constitutive induction of sys-
temic acquired resistance may substitute for HR cell death in potenti-
ating the stronger defense responses (Yu et al., 1998). Recently, it has
been observed that dnd1 mutant plants also exhibit conditional lesion
mimicry (Clough et al., 2000). Therefore, deregulated defense reac-
tions may on the one hand substitute for HR in mounting resistance,
but on the other hand may lead to high constitutive levels of protec-
tive proteins such as antioxidant enzymes that suppress HR forma-
tion by scavenging ROI.

HR-independent resistance of plants to fungal pathogens has also
been described. The Cf-9 gene of tomato mediates resistance to
Cladosporium fulvum, provided the fungus carries the avr9 gene
(Dangl and Jones, 2001). Resistance in Cf-9 plants is manifested as
gradual cessation of hyphal growth, which occurs exclusively extra-
cellular, without concomitant HR (Hammond-Kosack and Jones,
1994). Interestingly, constitutive expression of recombinant Avr9
protein in transgenic plants containing the Cf-9 gene was associated
with HR cell death, indicating that sustained production or increased
amounts of this Avr protein can modify HR-independent resistance
such that it becomes associated with HR cell death (Hammond-
Kosack et al., 1995).



In barley, mlo-mediated resistance to the obligate biotrophic fun-
gus Blumeria graminis f. sp. hordei is independent of HR cell death.
Recessive mlo alleles confer broad-spectrum resistance to nearly all
Blumeria races. At the cytological level, resistance almost invariably
leads to the abortion of infection attempts during the penetration pro-
cess through the epidermal cell wall. Most important, attacked cells
do not activate a suicide response and therefore stay alive (Schulze-
Lefert and Vogel, 2000). It is presently not known how fungal growth
is stopped in mlo genotypes, although some evidence suggests that
oxidative cross-linking of cell-wall appositions may be involved (von
Röpenack et al., 1998). Despite the absence of HR cell death during
mlo-mediated resistance, there may be a link between resistance and
deregulated cell death in mlo plants, since one pleiotropic effect of
mlo alleles is to trigger spontaneous lesions in the absence of the
pathogen.

In conclusion, the previous observations indicate that HR is not
obligatory for efficient plant defense against pathogens under all cir-
cumstances. Two interpretations are possible to explain the lack of
such a correlation. First, HR cell death itself might not be important
for pathogen restriction but instead be a side effect of other mecha-
nisms or cellular changes which, although limiting pathogen growth,
are not compatible with survival of the plant cell. Thus cell death
could be the consequence of activated responses such as a strong oxi-
dative burst, ion leakage, or massive synthesis of toxic antimicrobial
compounds. Second, HR cell death might be the ultimate plant de-
fense reaction that is mounted only after failure of other defense
mechanisms or if the first R-gene-mediated signal reaches a certain
threshold level. The latter conclusion is supported by the observation
that barley plants homozygous for the Mlg gene exhibit a characteris-
tic single-cell HR in response to infection by Blumeria graminis,
whereas plants heterozygous for the Mlg gene can still restrict fungal
growth but have lost the capacity to trigger HR (Görg et al., 1993).

DO PLANT PATHOGENS MODULATE THE HR
IN AN ACTIVE MANNER?

Although HR cell death is not observed in all incompatible plant-
pathogen interactions, it seems to contribute to restriction of the in-
vading organism in many cases. As outlined previously by others



(Morel and Dangl, 1997), the impact of the HR may depend on the
lifestyle of the pathogen, and therefore it has to be considered
whether the parasite grows intra- or extracellularly and whether it is a
biotrophic, hemibiotrophic, or necrotrophic pathogen.

Viruses are obligate intracellular parasites that need the host cell
machinery for replication. Thus HR cell death of invaded cells ap-
pears to be a good measure to block their multiplication; yet not all R
genes mediating virus resistance are associated with HR develop-
ment (Morel and Dangl, 1997; Richael and Gilchrist, 1999). Like-
wise, biotrophic and hemibiotrophic fungal pathogens also depend
on nutrient uptake from living host cells, and in all these cases, HR
cell death could obviously cause pathogen death. Biotrophic patho-
gens have therefore evolved mechanisms to actively suppress HR cell
death, which is drastically illustrated by the so-called green-island ef-
fect caused by virulent pathogens in otherwise senescing leaves
(Schulze-Lefert and Vogel, 2000). Indeed, a large number of fungus-
derived molecules suppressing plant defense responses have been
identified, but their mechanisms of action remain largely unknown
(Morel and Dangl, 1997; Heath, 2000).

A sophisticated mechanism of HR modulation by a pathogen has
recently been discovered for the interaction between Arabidopsis
thaliana and Pseudomonas syringae, in which the RPM1/avrRpm1 gene
pair specifies resistance. A direct interaction of RPM1, AvrRpm1, and
an additional Arabidopsis protein (designated RIN4) was demon-
strated by co-immunoprecipitation (Mackey et al., 2002). Reduction
of RIN4 protein levels by antisense suppression caused diminished
RPM1 levels and inhibited both the RPM1-mediated HR and the
growth restriction of virulent bacteria carrying avrRpm1. Surpris-
ingly, RIN4 reduction resulted in heightened resistance to virulent
Pseudomonas syringae (lacking avrRpm1) and Peronospora para-
sitica pathovars, as well as constitutive expression of typical defense
genes. Thus RIN4 functions both as a negative regulator of basal
plant defense responses and as a positive regulator of RPM1-medi-
ated resistance. Since avrRpm1 induces RIN4 phosphorylation, it
was suggested that this modification might enhance RIN4 activity as
a negative regulator of plant defense, thereby facilitating pathogen
growth. In this model, RPM1 would guard against pathogens that use



avrRpm1 (functioning as a virulence factor) to manipulate RIN4 ac-
tivity and thereby suppress the HR and other defense responses.

In contrast to the requirements of biotrophic pathogens which try
to prevent HR, necrotrophic pathogens cannot survive only in dead
cells, instead they may rather actively induce cell death to promote
host invasion and ultimately benefit from the release of nutrients. In-
deed, there is ample evidence of pathogens producing phytotoxins
that induce HR-like symptoms (Hohn, 1997; Morel and Dangl, 1997).
Such toxins may serve as attractive experimental tools to study the
role of HR cell death in plant pathogenesis, as was recently demon-
strated for fumonisin B1, which is produced by the necrotrophic fun-
gal plant pathogen Fusarium moniliforme (Stone et al., 2000). Fum-
onisin B1 is one of several related mycotoxins produced by some
Fusarium spp. that elicits an apoptotic form of HR cell death in both
plants and animal cell cultures, most probably by inhibition of cera-
mide synthase, a key enzyme of sphingolipid biosynthesis (Stone
et al., 2000). Arabidopsis plants infiltrated with fumonisin B1 devel-
oped HR-like lesions, concomitant with the generation of ROI and
activation of numerous defense responses. These results indicate that
Fusarium moniliforme and related species may intentionally trigger
HR cell death by secretion of fumonisin to obtain nutrients from host
tissues.

Some necrotrophic pathogens, such as the fungi Botrytis cinerea
and Sclerotinia sclerotiorum, seem to not only induce but even de-
pend on the plant HR as a prerequisite for rapid host colonization,
since their pathogenicity was directly dependent on the level of ROI
accumulation in infected plants (Govrin and Levine, 2000). Growth
of B. cinerea was suppressed in the HR-deficient Arabidopsis dnd1
mutant (described previously), whereas it was strongly promoted by
manipulations that enhanced the concentration of ROI in the plant,
such as preinoculation with avirulent bacteria or infiltration of glu-
cose in the presence of glucose oxidase (Govrin and Levine, 2000). In
this context, it is interesting to note that necrotrophic fungi were
found to contain sets of detoxifying enzymes which allowed them to
survive in ROI-rich host environments (Mayer et al., 2001). Like-
wise, plant pathogenic bacteria also require protective systems against
oxidative damage and therefore express ROI scavenging enzymes,
such as catalase and superoxide dismutase, which are essential for



bacterial viability on some hosts and function as virulence factors
(Xu and Pan, 2000; Santos et al., 2001).

DEVELOPMENT OF TRANSGENIC PLANTS:
EXPLOITATION OF HR FOR DISEASE CONTROL

With the discovery and isolation of genes that are involved in dis-
ease resistance mechanisms in plants, attempts have been made to en-
gineer durable resistance in economically important crop plants (Stu-
iver and Custers, 2001). Constitutive overexpression of single proteins
that are toxic or otherwise interfere with pathogen proliferation, such
as viral coat proteins, toxins, enzymes of phytoalexin biosynthesis,
chitinases, glucanases, and many other PR proteins, has already been
proven successful for enhancing plant resistance (Kombrink and
Somssich, 1995, 1997; Stuiver and Custers, 2001) (see Chapter 7).
However, a major drawback of modulating resistance by transfer of a
single gene is that in many cases broad-spectrum disease control is
not provided.

Alternatively, targeted activation of endogenous mechanisms that
lead to enhanced resistance might be a useful approach. As outlined
earlier, HR cell death is a common and mostly efficient defense sys-
tem utilized by plants which comprises a complex array of defense
responses and signaling mechanisms. Although the HR may stop dif-
ferent kinds of pathogens, including viruses, bacteria, and fungi, it is
usually triggered only after specific recognition of pathogen-derived
elicitors or Avr proteins. In addition, deregulation of cellular re-
sponses located downstream of the initial recognition event, such as
formation of ROI, modulation of ion channel activity, or initiation of
protein degradation, can also induce HR-like cell death. Based on this
knowledge, a number of strategies have been devised to utilize in-
duced HR cell death to engineer resistance.

The “two-component-systems” consist of pathogen-derived avr
genes or genes encoding elicitors that are introduced and expressed in
a plant containing the corresponding recognition system (i.e., R pro-
tein or elicitor receptor) to initiate HR cell death. With this approach,
successful generation of an HR has been achieved with genes encoding
Avr9 from Cladosporium fulvum, AvrRpt2 from Pseudomonas syrin-



gae, and the elicitor protein cryptogein (elicitin) from Phytophthora
cryptogea (Hammond-Kosack et al., 1994; McNellis et al., 1998;
Keller et al., 1999). An obvious key to the success of this strategy is
the selection of an appropriate, tightly regulated promoter, which
should be inducible by a variety of pathogens to extend race-specific
resistance to broad-spectrum disease resistance. Leakiness of the
promoter would result in spontaneous cell death formation with a det-
rimental influence on plant vigor and yield.

An alternative and more general approach that circumvents the
limitations caused by the need for a defined genetic background is to
induce cell death by expression of so-called killer genes, encoding
products that directly interfere with essential cellular functions. Can-
didates for such products are RNases, DNases, specific proteases,
toxins, etc., several of which have been experimentally evaluated
(Mittler and Rizhsky, 2000). For example, expression of the barnase
gene, encoding an RNase, under the control of a PR gene promoter
resulted in transgenic potato plants with enhanced resistance to Phy-
tophthora infestans, supporting the hypothesis that HR cell death at
infection sites plays an important role in preventing pathogen prolif-
eration (Strittmatter et al., 1995). However, growth under greenhouse
or field conditions ultimately led to self-destruction of the plants, in-
dicative of an endogenous activation of the transgene in aging plants,
which underscores the need for specific, pathogen-responsive pro-
moters. Correspondingly, identification and isolation of such selec-
tively activated and tightly regulated promoters or cis-acting pro-
moter elements is presently an intensively studied area (Keller et al.,
1999; Pontier et al., 2001; Rushton et al., 2002).

Other transgenes inducing lesion-mimic phenotypes encode com-
ponents of downstream signaling pathways involved in HR develop-
ment or compounds that activate or interfere with their function. Thus
compounds that mimic ion fluxes across the plasma membrane, such
as the bacterio-opsin, a bacterial proton pump, or cholera toxin, an in-
hibitor of GTPase and G-protein signaling, both induce HR-like cell
death, which is correlated with PR gene expression and elevated dis-
ease resistance (Mittler and Rizhsky, 2000). Likewise, expression of
metabolic enzymes that either generate peroxides (e.g., glucose oxi-
dase) or antisense suppression of those that catalyze their detoxifica-
tion (e.g., catalase, ascorbate peroxidase) was also found to induce



the formation of lesions, expression of defense-related genes and en-
hanced resistance (Wu et al., 1995; Chamnongpol et al., 1996; Mittler
and Rizhsky, 2000). These results clearly impress upon the tight con-
nection between enhanced ROI production and HR cell death. Ma-
nipulation of ubiquitin-regulated protein degradation pathways can
also result in lesion-mimic phenotypes (Becker et al., 1993). Trans-
formation of tobacco with a modified ubiquitin that is unable to poly-
merize an essential step in the ubiquitin-degradation pathway led to
spontaneous lesion formation; however, challenging these plants
with TMV resulted in fewer lesions and reduced virus replication in
comparison to control plants.

Although artificial generation of HR seems a promising approach to
control biotrophic and hemibiotrophic pathogens, it may be counter-
productive with respect to necrotrophic pathogens, which apparently
depend on dead host cells for growth. Accordingly, suppression of HR
cell death appears to be an appropriate measure to limit these types of
pathogens. Experimental evidence for the validity of this concept has
recently been obtained. Transgenic tobacco plants expressing nega-
tive regulators of apoptosis, such as the human Bcl-2, human Bcl-XL,
or nematode Ced-9 genes, exhibited resistance to several necro-
trophic fungal pathogens, including Sclerotinia sclerotiorum, Botry-
tis cinerea, and Cercospora nicotianae, as well as to tomato spotted
wilt virus (Dickman et al., 2001). Plants harboring Bcl-XL with a loss-
of-function point mutation did not protect against pathogen challenge,
demonstrating that resistance was dependent on a functional transgene
and was not due to unspecific stress caused by the heterologous gene
product (Dickman et al., 2001). These results further suggest that cel-
lular pathways and mechanisms for cell death control are conserved
between animals and plants.

CONCLUSIONS AND FUTURE DIRECTIONS

The molecular and biochemical events that occur at the sites of in-
fection in plants include a plethora of changes triggered by both host
and pathogen genes/factors. Among these, the induction of HR cell
death seems to be the most common response to many different kinds
of biotic and abiotic stresses. However, the functional role of the HR



in limiting growth of various types of pathogens is not fully under-
stood. Recent work on HR cell death in plants has uncovered an in-
creasing number of morphological and biochemical features that are
identical or similar to cellular events occurring during apoptosis in
animal systems. This may indicate that the ordered dismantling of the
cell is an ancient mechanism that has been conserved during evolu-
tion and that is utilized during developmental processes as well as
during the cellular immune response across kingdoms. However, de-
spite obvious similarities between plant HR cell death and animal
apoptosis, differences are also apparent. In particular, it is at present
unresolved to what extent signaling pathways overlap and control el-
ements (regulators) of HR and PCD are structurally and functionally
conserved. Thus one of the future challenges will be to unravel the
complete signaling network that is engaged in cell death control. From
the current information, it is clear that R-protein-mediated pathogen
recognition and execution of HR cell death are connected via a com-
plex array of signaling components, involving parallel pathways, branch-
ing and convergence points, positive and negative regulatory compo-
nents, small molecules, large protein complexes, and even whole cell
organelles. Integrated research efforts that combine genetics, bio-
chemistry, and cell biology, complemented by bioinformatics, will be
required to overcome the enduring challenges and mysteries related
to HR cell death and the mechanisms of its control and execution.
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INTRODUCTION

Pathogenic fungi use diverse strategies to ingress their host plants.
Some pathogens enter plants through wounds or natural openings,
whereas others use specialized structures, such as appressoria, to
penetrate intact plant surfaces or enter the host using cuticle- and cell
wall–degrading enzymes. Most fungal pathogens colonize all plant
organs, such as leaves, stems, and roots, either by growing between
the cells as intercellular mycelium or by penetrating the cells and
subsequently growing as intracellular mycelium. Some fungi kill
their host and feed on dead tissue (necrotrophs), while others colo-
nize the living host (biotrophs) or even require living tissue to com-
plete their life cycle (obligates). During the biotrophic phase, signal
and nutrient exchange between pathogen and host is often mediated
by specialized infection structures, such as haustoria.
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Most plants are resistant toward the majority of pathogenic fungi. A
common and effective durable type of resistance is nonhost resistance
that prevents plants from becoming infected by potential pathogens.
Nonhost resistance often involves a protection provided by physical bar-
riers or by early signaling events and highly localized responses within
the cell wall (Heath, 2000). Host resistance, however, is usually re-
stricted to a particular pathogen species and is commonly expressed
against specific pathogen genotypes. In this case, the plant specifically
recognizes the invading pathogen and active defense responses are in-
duced that lead to resistance. Elicitation of defense responses is medi-
ated by the perception of pathogen signal molecules encoded by aviru-
lence (Avr) genes only when the matching plant resistance (R) gene is
present, which results in an incompatible interaction between host (re-
sistant) and pathogen (avirulent). If the R and/or Avr gene is absent or
nonfunctional, the interaction between host (susceptible) and pathogen
(virulent) is compatible. As opposed to the basal defense responses
that often partially inhibit pathogens during colonization of the host
plant, R-gene-mediated resistance involves a rapid and effective de-
fense mechanism that is often associated with a localized death of
plant cells, called the hypersensitive response (HR) (see Chapter 3).

As opposed to race-specific elicitors encoded by Avr genes, race-
nonspecific (or general) elicitors stimulate defense responses in all ge-
notypes of at least one plant species. These general elicitors are often
indirect or not direct products of Avr genes, but rather structural fungal
cell wall components (such as chitin- or glucan-oligosaccharides) re-
leased by plant hydrolytic enzymes (Nürnberger, 1999). In this chap-
ter, we will focus on fungal Avr gene products (race-specific elicitors)
that confer species- or genotype-specific resistance. The function of
Avr genes as avirulence determinants—how Avr gene products induce
R-gene-mediated resistance, as well as virulence determinants, i.e.,
how Avr gene products contribute to virulence of the pathogen—will
be discussed in detail. Four models are presented that illustrate differ-
ent mechanisms underlying perception of Avr gene products by plants,
leading either to disease susceptibility or resistance.



BACKGROUND

The first report that described resistance of plants to fungal patho-
gens goes back to the end of the nineteenth century, where Farrer
showed that certain wheat cultivars were resistant to the rust fungus
Puccinia graminis f. sp. tritici (Farrer, 1898). A few years later, in
1905, Biffen reported that wheat varieties and their progeny inherited
resistance toward Puccinia striiformis in a Mendelian fashion (Biff-
en, 1905). In subsequent years, studies revealed that the resistance
character was often a dominant monogenic trait, which provided the
possibility to breed for resistance against pathogens. Soon after the
introduction of resistant plants in agriculture, however, varieties that
were initially resistant to a given pathogen subsequently became in-
fected. In all cases, the changes were due to the appearance of new
physiological races of the pathogen that were able to overcome resis-
tance. The genetic basis of variability within a pathogen species was
first described by Johnson, who crossed two races of P. graminis f. sp.
tritici and showed that inheritance of (a)virulence also followed
Mendel’s law (Johnson et al., 1934). Flor, working on the Melamp-
sora lini-flax interaction, and Oort, working on the Ustilago tritici-
wheat interaction, were the first to present the genetic basis of spe-
cific gene-for-gene interactions between a host plant and a pathogen
(Flor, 1942; Oort, 1944). These authors demonstrated that (a)viru-
lence of physiologic races of M. lini and U. tritici was conditioned by
a single pair of genes specific for each host-pathogen interaction.
This gene-for-gene relationship refers to an interaction, whereby for
each dominant resistance gene in the host there is a corresponding
avirulence gene in the pathogen. By crossing different races of M. lini
that were virulent on a particular flax variety with races that were
avirulent, Flor showed that avirulence and virulence of pathogens
was inherited as a dominant and as a recessive trait, respectively
(Flor, 1958). At that time, the nature of the “mutations” leading to
virulence in the flax rust fungus was unknown. Day (1957) postulated
that “changing the parasite substance taking part in the primary inter-
action between host and pathogen would abolish defence responses
leading to plant disease resistance” (pp. 1141-1142) Indeed, recent
genetic and biochemical data obtained from various host-pathogen
interactions for which a gene-for-gene relationship has been de-



scribed, and which involve either viruses, bacteria, fungi, or nema-
todes, reveal that elicitation of defense responses is circumvented by
mutations or deletions in an Avr gene (Nürnberger, 1999).

To explain the molecular basis of the gene-for-gene concept, vari-
ous models have been proposed, which will be discussed in detail
(see Figure 4.1). Consistent with all models is that the product of the
Avr gene is recognized, either directly or indirectly, by the product of

FIGURE 4.1. Schematic representation of gene-for-gene interactions at the pro-
tein level. Four models have been proposed that describe either direct (I) or indi-
rect (II-IV) perception of avirulence (AVR) proteins by plant-resistance (R)
proteins. (I) This classical model predicts a direct interaction between an AVR
protein (A) and a matching R protein. Defense responses are induced independ-
ently or dependently (as illustrated by the scissors), of the proteolytic activity of
the AVR protein. (II) Binding of AVR protein to host-encoded proteins might
involve the generation of protease-dependent elicitor peptide(s) or complex(es).
The AVR protein, on the other hand, might also trigger R gene-mediated resis-
tance by suppressing the generation of proteolytically processed negative regu-
lators of defense responses. (III) The AVR protein binds to, at least, an additional
component (C), which subsequently interacts with the R protein to trigger
defense responses. The interaction between R protein and “coreceptor” might
either be required for receptor activation after AVR binding or for recruitment of a
functional receptor complex that mediates AVR recognition. (IV) According to
the “guard” hypothesis, the R protein safeguards the virulence target (V) of the
AVR protein. For further details, see text. (Source: Adapted from Bonas and
Lahaye, 2002).



the corresponding R gene present in the resistant plant. This recogni-
tion is often associated with a rapid local necrosis of host cells at the
site of penetration, the hypersensitive response, which is the hallmark
of gene-for-gene-based resistance and resembles programmed cell
death in animals (for details, see Chapter 3). The HR is associated with
the induction of defense-related responses, including lignification, cell
wall enforcement, callose deposition, accumulation of phytoalexins,
and transcription of genes encoding pathogenesis-related (PR) pro-
teins that prevent further spread of the invading pathogen (for details,
see Chapters 1, 2, and 5). To date, a variety of Avr genes have been
identified which encode proteins that trigger defense responses in
plants carrying the complementary R gene. Flor (1942) demonstrated
that Avr-R gene interactions were phenotypically epistatic over “viru-
lence-susceptibility” gene interactions. This implies that in the pres-
ence of the complementary R gene, the Avr gene product does not
provide any advantage to the pathogen since it restricts the host range
of the pathogen. Yet, although Avr genes have been identified as
avirulence determinants, their primary function is expected to be as-
sociated with virulence rather than with avirulence. Indeed, evidence
is accumulating that Avr genes encode effector proteins that contrib-
ute to the establishment of a compatible interaction between patho-
gen and host, either by suppressing (basal) defense responses or by
interacting with host-derived virulence targets. Thus, loss of the
avirulence determinant, in order to overcome R-gene-mediated resis-
tance, might decrease the virulence of the pathogen. This implies that
the most effective defense strategy for plants is to target R-gene spec-
ificity toward Avr genes of which the products function to condition
virulence.

FUNGAL (A)VIRULENCE GENES WITH GENOTYPE
AND SPECIES SPECIFICITY

Avirulence genes have been discovered by virtue of the capacity of
their encoded products to induce defense responses in plants carrying
the corresponding resistance gene. Avr genes are important determi-
nants in the interaction between pathogen and host, as they govern
host specificity. In fungus-plant interactions, 15 Avr genes have thus
far been cloned and demonstrated to govern either genotype or spe-
cies specificity (Table 4.1)



Pathogen Avr gene

Plant genotype carry-
ing matching R gene
or resistant species

AVR
homology References

Cladosporium
fulvum

Avr9 ICf-9 tomato Carboxypeptidase
inhibitora

Van den
Ackerveken et al.,
1992

Avr4 Cf-4 tomato Chitin-binding
proteinb

Joosten et al.,
1994; Van den Burg
et al. (unpublished
data)

Avr4E Hcr9-4E tomato None Westerink et al.
(unpublished data)

Avr2 Cf-2 tomato None Luderer, Takken,
et al., 2002

Ecp1 Cf-ECP1 tomato Tumor necrosis
factor receptora

Van den
Ackerveken et al.,
1993; Laugé
et al., 1997

Ecp2 CF-ECP2 tomato None Van den
Ackerveken et al.,
1993; Laugé
et al., 1997

Ecp4, 5 Cf-ECP4, 5 tomato None Laugé et al., 2000

Magnaporthe
grisea

AVR-Pita Pi-ta rice Metalloprotease
(sequence motif)

Orbach et al., 2000

PWL1, 2 Weeping love grass None Sweigard et al.,1995

AVR1-CO39 CO39 rice None Farman et al., 2002

Rhynchosporium
secalis

NIP1 Rrs1 barley Hydrophobina Rohe et al., 1995

Phytophthora
parasitica

parA1 Nicotiana tabacum None Ricci et al., 1992

Phytophthora
infestans

inf1 Nicotiana spp. None Kamoun et al.,
1998

a Structural homology, but so far no functional homology
b Structural homology and functional homology

TABLE 4.1. Cloned fungal and oomycetous avirulence genes



The Avr and Ecp Genes of Cladosporium fulvum

Cladosporium fulvum is a biotrophic fungus that causes leaf mold
of tomato (Lycopersicon esculentum Mill.) plants. Cladosporium
fulvum penetrates tomato leaves through stomata and obtains nutri-
ents via enlarged intercellular hyphae that are in close contact with
the host cells (Figure 4.2). During infection, no specialized feeding

FIGURE 4.2. The compatible and incompatible interaction between tomato and
Cladosporium fulvum. (A) Lower side of a leaf of a susceptible tomato plant that
is colonized by a virulent strain of C. fulvum (compatible interaction). Photograph
was taken two weeks after inoculation. (B) Schematic representation of a cross-
section of a susceptible tomato leaf colonized by a virulent strain of C. fulvum.
The “runner” hypha has entered the leaf through an open stoma. During coloni-
zation of the leaf, the mycelium remains confined to the extracellular space
around tomato mesophyll cells. (C) Lower side of a leaf of a resistant tomato
plant, two weeks after inoculation with an avirulent strain of C. fulvum (incompati-
ble interaction). (D) Schematic representation of a cross-section of a resistant
tomato leaf after inoculation with an avirulent strain of C. fulvum. The fungus is
recognized as soon as a hypha enters a stoma. Recognition results in a hyper-
sensitive response (indicated as dark cells) that restricts further growth of the
fungus. (Source: Reprinted from Van der Hoorn, 2001, p. 11).



structures, such as haustoria, are formed. A few weeks after penetra-
tion, when intercellular spaces are fully colonized, conidiophores
emerge through stomata and numerous conidia are produced that can
repeat infection of healthy tomato plants. During colonization, differ-
ent proteins are secreted by C. fulvum into the intercellular spaces be-
tween the tomato mesophyll cells. Analysis of the proteins present in
the apoplast of colonized tomato leaves led to the cloning of seven
genes of C. fulvum, all of which encode elicitor proteins. Moreover,
the gene encoding elicitor protein AVR2 was cloned by a functional
screening of a cDNA library of C. fulvum grown in vitro under starva-
tion conditions. Four elicitor proteins (AVR2, AVR4, AVR4E, and
AVR9) are race specific and trigger HR-associated defense responses
in tomato plants that carry the matching Cf resistance gene (Joosten
and De Wit, 1999). The other four elicitors, extracellular proteins
ECP1, ECP2, ECP4, and ECP5, as well as ECP3, for which the en-
coding gene has not yet been identified, are secreted by all strains of
C. fulvum that have been analyzed to date (Joosten and De Wit,
1999). Individual accessions within the Lycopersicon genus have
been identified in which these ECP proteins trigger a specific HR
(Laugé et al., 2000). The matching R genes, designated Cf-ECPs,
present in these resistant individuals have not yet been introduced
into commercial cultivars.

Race-Specific Avirulence Gene Avr2 of C. fulvum

Avirulence gene Avr2 confers avirulence of C. fulvum on tomato
plants carrying the Cf-2 resistance gene. The Avr2 gene was cloned
based on HR induction of the encoded AVR2 protein in Cf-2 tomato by
functional screening of a cDNA library of C. fulvum grown in vitro un-
der starvation conditions that was constructed in a binary potato virus
X (PVX)-based expression vector (Takken et al., 2000) (Figure 4.3).
Avr2 encodes a cysteine-rich protein of 78 amino acids, with a pre-
dicted signal peptide of 20 amino acids for extracellular targeting
(Luderer, Takken, et al., 2002). Strains of C. fulvum that are virulent
on Cf-2 tomato plants carry different modifications in the open read-
ing frame (ORF) of Avr2 (Table 4.2). In addition to a variety of differ-
ent single base pair deletions or insertions, all of which result in the
production of truncated AVR2 proteins, one of the modifications in-
volves a retrotransposon insertion in the Avr2 ORF (Luderer, Takken,



et al., 2002). Cf-2-mediated resistance has been reported to require
the Rcr3 gene (Dixon et al., 2000). Rcr3 was isolated by positional
cloning and encodes a cysteine protease that is secreted into the
apoplastic space of tomato (Krüger et al., 2002). Rcr3 was originally
identified in ethyl methyl sulfonate (EMS)-mutagenized Cf-2 plants
that either showed a partial loss (rcr3-1) or a complete loss (rcr3-3) of
Cf-2-mediated resistance (Dixon et al., 2000). PVX-mediated ex-
pression of Avr2 in rcr3-1 and rcr3-3 mutant Cf-2 plants resulted in
impaired and abolished systemic HR symptoms, respectively, sug-
gesting a role of the extracellular Rcr3 protein in perception of AVR2
by Cf-2 plants (Luderer, Takken, et al., 2002). Thus far, no differ-
ences have been observed between the virulence of C. fulvum strains
lacking a functional copy of Avr2 and similar strains that are comple-

FIGURE 4.3. Phenotype of Cf-2 tomato plants inoculated with PVX::Avr2 (right
panel) or PVX::- (left panel). Plants were photographed 14 days after inoculation
with PVX constructs. Note the AVR2-induced systemic necrosis (right panel).
(Source: Reprinted from Luderer, R., Takken, F.L.W., De Wit, P.J.G.M., and
Joosten, M.H.A.J. [2002], Cladosporium fulvum overcomes Cf2-mediated resis-
tance by producing truncated AVR2 elicitor proteins, Molecular Microbiology 45:
875-884. Used with permission of Blackwell Publishing Ltd.)



* The speckled areas in the horizontal bars represent the signal peptide of the
AVR proteins; open areas represent the mature part of the AVR protein; hatched
areas represent the amino acid sequence encoded that follows the frameshift
mutation in Avr2 and Avr4. The cysteine residues are indicated as vertical lines
and amino acid substitutions as dotted vertical lines. The black areas represent
the amino acid sequence that is removed by N- and C-terminal processing.

TABLE 4.2. Overview of mutation identifed in the open reading frames of Avr2,
Avr4, Avr4E, and Avr9 of Cladosporium fulvum strains that are virulent on
tomato plants that carry Cf-2, Cf-4, Hcr9-4E, or Cf-9, respectively



mented with a functional genomic clone of Avr2 (Luderer, Takken,
et al., 2002).

Race-Specific Avirulence Gene Avr4 of C. fulvum

The AVR4 elicitor protein is secreted into the apoplastic space of
tomato as a proprotein of 135 amino acids (Joosten et al., 1994). N-
and C-terminal processing by fungal and plant proteases results in a
mature protein of 86 amino acids (Joosten et al., 1997). The AVR4
protein contains eight cysteine residues, all of which are involved in
intramolecular disulfide bonds (Van den Burg, unpublished data). As
opposed to Avr9, the Avr4 promoter sequence does not contain nitro-
gen-responsive elements, indicating that Avr4 is regulated in a differ-
ent way. During pathogenesis, however, the expression profiles of
both Avr4 and Avr9 are similar in time and space (Van den Acker-
veken et al., 1994; Joosten et al., 1997). Strains of C. fulvum evade
Cf-4-mediated resistance by different single point mutations in the
coding region of the Avr4 gene (Joosten et al., 1997) (Table 4.2).
These modifications result in the production of either a truncated
AVR4 protein or AVR4 isoforms that exhibit single amino acid ex-
changes, including cysteines (Joosten et al., 1997). By using PVX-
mediated expression in Cf-4 tomato, it appears that most of these
amino acid exchanges resulted in AVR4 isoforms that still exhibited
necrosis-inducing activity, although this was significantly reduced
when compared to the AVR4 wild-type protein (Joosten et al., 1997).
These studies and supplementary data have demonstrated that all of
these amino acid exchanges decrease protein stability, thereby cir-
cumventing specific recognition by Cf-4 tomato plants (Westerink
and Van den Burg, unpublished results).

AVR4 shares structural homology with invertebrate chitin-binding
proteins, and binding of AVR4 to chitin oligosaccharides has been
demonstrated in vitro (Van den Burg, unpublished data). AVR4 also
accumulates on hyphae of C. fulvum during growth in the apoplastic
space of tomato, most likely at positions where chitin is exposed to
the surface (Van den Burg et al., unpublished data). Furthermore, an
AVR4-specific high-affinity binding site (HABS) of fungal origin has
been identified, which appeared to be heat and proteinase K resistant
(Westerink, unpublished data). Although the latter suggests a nonpro-



teinaceous character, AVR4 also cross-links to a fungus-derived mole-
cule with a molecular mass of approximately 75 kDa (Westerink, un-
published data), implying that AVR4 binds either to a heat- and
proteinase K-resistant protein or to another fungal protein with possi-
bly low affinity.

It appears that only in the presence of AVR4, the highly sensitive
fungus Trichoderma viride was protected against the antifungal activi-
ties of plant chitinases (Van den Burg et al., unpublished data). The in-
sensitivity of C. fulvum to plant chitinases as well as endoglucanases in
vitro (Joosten et al., 1995), however, does not depend on the produc-
tion of AVR4 by the fungus, suggesting that in this case other compo-
nents protected the fungus against these hydrolases. Although not
measurable in vitro, AVR4 might still contribute to protect C. fulvum
against cell wall degradation during growth in planta.

Race-Specific Avirulence Gene Avr4E of C. fulvum

Strains of C. fulvum that carry the Avr4E gene are avirulent on to-
mato plants carrying Hcr9-4E (a homologue of Cladosporium resis-
tance gene Cf-9), which is, in addition to Cf-4 (Hcr9-4D), the other
functional Cf resistance gene present at the Cf-4 locus (Takken et al.,
1999) (Figure 4.4). The Avr4E gene encodes a cysteine-rich protein
of 101 amino acids that is secreted into the extracellular space of to-
mato leaves (Westerink et al., unpublished data). Although the Cf-4
and Hcr9-4E resistance genes share a high degree of overall sequence
similarity (Parniske et al., 1997), their matching Avr gene products do
not share any sequence homology. Various strains of C. fulvum have
been identified that evade both Cf-4- and Hcr9-4E-mediated resis-
tance. For these strains, loss of the Avr4 avirulence function was
caused by a variety of different single-point mutations in the Avr4 al-
lele, as mentioned earlier (Joosten et al., 1997). Loss of the Avr4E
avirulence function appeared to be based on two different molecular
mechanisms. First, strains of C. fulvum were identified that carry an
Avr4E allele with two-point mutations, resulting in amino acid changes
Phe62Leu and Met73Thr (AVR4ELT) (Westerink et al., unpublished
data) (Table 4.2). In contrast to the AVR4 isoforms, this elicitor-inac-
tive AVR4ELT protein is as stable as the wild-type AVR4E protein. It
appeared that single amino acid substitution Phe62Leu rather than



Met73Thr causes circumvention of AVR4E recognition by Hcr9-4E
plants (Westerink et al., unpublished data). Single-point mutations in
Avr4E, however, which render elicitor-inactive AVR4EL and elicitor-
active AVR4ET, have not been identified in natural virulent and
avirulent strains of C. fulvum, respectively. Although we cannot ex-
clude a possible simultaneous evolutionary event underlying the dou-
ble amino acid substitution, strains of C. fulvum carrying Avr4ELT

most likely were derived from yet unidentified avirulent strains car-
rying Avr4ET.

FIGURE 4.4. Necrosis-inducing activity (NIA) of AVR4 and AVR4E elicitor
proteins. Agrobacterium cultures carrying Avr4 or Avr4E were coinfiltrated into
leaves of six-week-old tobacco plants in a 1:1 ratio with Agrobacterium cultures
carrying the resistance genes Hcr9-4D or Hcr9-4E. NIA was scored three days
postinfiltration (dpi) and photographs were taken at 7 dpi. Note that AVR4 and
AVR4E induce a necrotic response only in the presence of the matching
resistance proteins, Hcr9-4D and Hcr9-4E, respectively.



Surprisingly, all other strains virulent on Hcr9-4E-containing plants
carry an Avr4E allele that is identical to the Avr4E allele in avirulent
strains. It appears, however, that these strains do not secrete the
AVR4E protein upon colonization of the apoplastic space of tomato.
Complementation with a genomic Avr4E sequence of an avirulent
strain of C. fulvum conferred avirulence on Hcr9-4E plants, suggest-
ing that in this case abolished AVR4E expression resulted in circum-
vention of Hcr9-4E-mediated resistance. Indeed, no Avr4E tran-
scripts could be detected when Northern blot analysis was performed
on RNA isolated from a compatible interaction between these strains
and tomato. Whether recombination events or (transposon) insertions
within the promoter sequence of Avr4E cause abolished AVR4E ex-
pression still needs to be elucidated.

Race-Specific Avirulence Gene Avr9 of C. fulvum

Avr9, the first fungal Avr gene to be cloned and characterized, en-
codes a precursor protein of 63 amino acids that contains a 23-amino
acid signal sequence (Van Kan et al., 1991). Upon secretion into the
apoplast, AVR9 is further processed at the N-terminus by fungal and
plant proteases into a mature protein of 28 amino acids, six of which
are cysteines. The three-dimensional structure of AVR9, elucidated
by 1H-NMR, revealed that the protein contains three antiparallel

-strands that are interconnected by three disulfide bridges (Van den
Hooven et al., 2001). The AVR9 protein, which contains a cysteine
knot, is structurally most related to potato carboxypeptidase inhibitor
(CPI) (Van den Hooven et al., 2001). AVR9, however, does not have
amino acid residues identical to those located at known CPI-inhibi-
tory sites, and thus far no protease-inhibiting activity could be de-
tected. Structural analysis revealed that all six cysteine residues pres-
ent in AVR9 are essential for its structure and necrosis-inducing
activity (Kooman-Gersmann et al., 1997; Van den Hooven et al.,
2001). In addition, residue Phe21, present in the solvent-exposed hy-
drophobic -loop region, is also essential for the necrosis-inducing
activity of AVR9 (Kooman-Gersmann et al., 1997). Moreover, when
applied to transgenic Cf-9 tobacco cell suspensions, AVR9 mutant
peptide carrying Phe21Ala was incapable of inducing medium alkali-
zation, whereas its capacity to induce an oxidative burst was reduced



(De Jong et al., 2000). Virulence of C. fulvum strains on Cf-9 plants
appeared to be the result of a deletion of the entire Avr9 gene (Table
4.2). Moreover, disruption of Avr9 by homologous recombination in
C. fulvum strains normally avirulent on Cf-9 plants did not affect in
vitro growth or virulence of the fungus on susceptible tomato plants,
suggesting that Avr9 is dispensable for full virulence (Marmeisse
et al., 1993). Although dispensable, the expression of Avr9 is induced
under nitrogen-limiting conditions in vitro (Van den Ackerveken
et al., 1994; Pérez-García et al., 2001), which suggests that AVR9
might be involved in the nitrogen metabolism of the fungus. Pérez-
García and colleagues (2001) identified a gene in C. fulvum, desig-
nated Nrf1, which has a strong similarity to nitrogen regulatory pro-
teins of Aspergillus nidulans. Although Nrf1-deficient strains do not
express Avr9 under nitrogen starvation conditions in vitro, these
strains are still avirulent on Cf-9 tomato plants, suggesting that NRF1
is a major, yet not the only, positive regulator of Avr9 expression
(Pérez-García et al., 2001).

Non-Race-Specific Extracellular Protein (Ecp)
Genes of C. fulvum

Four genes encoding extracellular proteins ECP1, ECP2, ECP4,
and ECP5 have been cloned (Van den Ackerveken et al., 1993; Laugé
et al., 2000). These Ecp genes all encode cysteine-rich proteins that
are abundantly secreted by all strains of C. fulvum during coloniza-
tion of tomato leaves. These proteins share neither sequence homo-
logy with each other nor with any sequences present in the database.
Although the even number of cysteine residues present in the ECPs
suggests that these residues contribute to protein stability, some (as
demonstrated for ECP1 and ECP2) appear not to be involved in
intramolecular disulfide bonds (Luderer, De Kock, et al., 2002). As
was found for Avr4 and Avr9, transcription of both Ecp1 and Ecp2
was strongly induced in planta (Wubben et al., 1994), indicating that
plant-derived signals are required for the induction of both Avr and
Ecp gene expression. Tomato accessions that develop a HR upon in-
oculation with recombinant PVX expressing Ecp2 have been identi-
fied (Laugé et al., 1998). The responding accessions all carry a single
dominant gene, designated Cf-ECP2 gene, and show HR-associated



resistance toward ECP2-producing strains of C. fulvum (Laugé et al.,
1998). ECP1, ECP3, ECP4, and ECP5 have also been shown to act as
elicitors of HR on tomato accessions and wild Lycopersicon plants
that are resistant toward C. fulvum, most likely through recognition of
the corresponding secreted ECP (Laugé et al., 2000). As opposed to
the Avr genes, no modifications have thus far been found in the Ecp
genes of naturally occurring strains of C. fulvum. This might be due
to a lack of selection pressure on the pathogen to overcome Cf-ECP-
mediated resistance, as the Cf-ECPs have not yet been introduced in
commercial cultivars. On the other hand, since all strains of C. fulvum
analyzed so far secrete the ECPs, disruption or modification of the
encoding genes is thought to cause reduced virulence of the fungus
on tomato. Indeed, the Ecp2 gene appears to be required for coloniza-
tion and sporulation of C. fulvum on mature tomato plants (Laugé
et al., 1997). Moreover, Ecp1-deficient strains failed to sporulate as
abundantly as the wild-type strain on mature tomato plants (Laugé
et al., 1997). This implies that ECP1 and ECP2 are both required for
full virulence of C. fulvum on tomato. In addition, both Ecp1- and
Ecp2-deficient strains induce plant defense-associated responses more
quickly and to higher levels than wild-type strains, suggesting that both
ECPs are involved in the suppression of host defense-associated re-
sponses during colonization (Laugé et al., 1997). Based on this obser-
vation, an interesting parallel can be drawn with mammalian systems,
in which viruses have been reported to produce extracellular sup-
pressors of host defense responses (Laugé et al., 1997). Interestingly,
ECP1 shares structural homology (based on the spacing of the cysteine
residues) with a viral T2 suppressor protein as well as with the family
of tumor-necrosis factor receptors (TNFRs) (Laugé et al., 1997). The
T2 suppressor protein compromises the establishment of host defense
responses by interacting with mediators of the immune system (tumor
necrosis factors), thereby preventing its binding to endogenous TNFRs.
Furthermore, a putative receptor-like kinase has been identified in
plants that shares structural homology with the TNFR family. One pos-
sibility could be that ECP1 competitively inhibits the binding of de-
fense signaling molecules to this plant receptor protein, thereby sup-
pressing the induction of host defense responses.



The Avr Genes of Magnaporthe grisea

The filamentous ascomycete Magnaporthe grisea is the causal
agent of blast disease on many species of the grass family, such as rice.
Magnaporthe grisea initiates infection by a germinating conidium that
quickly differentiates into a specialized cell, the appressorium. Once
mature, the melanized appressorium generates enormous hydrostatic
pressure which forces a narrow penetration peg through the plant cu-
ticle and epidermal cell wall. After penetration, the fungus grows
intracellularly and produces sporulating lesions within five to seven
days.

Genotype-Specific Avr Genes of M. grisea

Strains of M. grisea that carry the Avr-Pita (AVR2-YAMO) gene are
avirulent on rice cultivars that carry the corresponding R gene Pi-ta
(Orbach et al., 2000). The Avr-Pita gene is located very close to the
telomere of chromosome 3 and encodes a predicted polypeptide of
223 amino acids. AVR-Pita exhibits substantial similarity to NPII, a
neutral zinc metalloprotease from Aspergillus oryzae. Based on this
homology, the N-terminus of AVR-Pita was predicted to be further
processed to an active form of 176 amino acids. This AVR-Pita176
protein, but not the intact AVR-Pita223 protein and AVR-Pita166
(which has an additional deletion at the N-terminus), triggers the
Pita-dependent HR when produced inside rice cells by transient ex-
pression (Jia et al., 2000). In the region that corresponds to the con-
sensus zinc-binding domain of neutral zinc metalloproteases, residue
Glu-177 of AVR-Pita223 (i.e., Glu-130 of AVR-Pita176) is predicted
to be essential for metalloprotease activity. Interestingly, replacement
of this Glu residue by Asp, as found in spontaneous gain of virulence
mutants, abolishes the HR-inducing ability of AVR-Pita176 (Jia et al.,
2000; Orbach et al., 2000). This implies that the protease activity of
Avr-Pita, although not yet biochemically demonstrated, plays an es-
sential role in avirulence (Orbach et al., 2000). The majority of spon-
taneous virulent mutants of M. grisea carry deletions ranging from
100 bp up to 10 kb, which is consistent with the genetic instability ob-
served for genes that are located at a telomere (Orbach et al., 2000).
In addition to point mutations and deletions, gain of virulence on



Pi-ta rice cultivars was also mediated by an insertion of a pot3 trans-
poson into the promoter of Avr-Pita (Kang et al., 2001). Despite its
putative metalloprotease activity, no role in virulence could yet be as-
signed to AVR-Pita.

The AVR1-CO39 gene of M. grisea has been identified as the mini-
mal (1.05 kb) fragment that confers avirulence on rice cultivar CO39
(Farman et al., 2002). Only a small number of rice-infecting M. grisae
isolates from the Philippines, however, are avirulent on this cultivar.
Although most virulent isolates lack the entire AVR1-CO39 locus, it
appeared that in some cases complex genomic rearrangements have
occurred at the AVR1-CO39 locus, each of which resulted in nonfunc-
tional alleles (Farman et al., 2002).

Species Specificity Conferred by PWL Genes of M. grisea

The PWL2 (for pathogenicity toward weeping lovegrass) gene of
M. grisea determines host-species specificity. Strains of the fungus ex-
pressing PWL2 are avirulent on weeping lovegrass but virulent on rice
and barley (Sweigard et al., 1995). PWL2 encodes a glycine-rich pro-
tein of 145 amino acids with a putative signal peptide for extracellular
targeting. Analysis of spontaneous virulent mutants on weeping love-
grass revealed that the PWL2 allele is genetically unstable, although it
is not located at a telomere (Sweigard et al., 1995). As found for the
Avr-pita-deficient mutants, spontaneous deletion of PWL2 had no ap-
parent effect on virulence under laboratory conditions. Strains of
M. grisea also evade PWL2 recognition by a single base pair change
that results in the creation of a putative N-glycosylation site. This
PWL2 mutant protein exhibited reduced elicitor activity either due to
glycosylation or due to the amino acid change itself.

The PWL2 gene is a member of a rapidly evolving gene family of
which the homologue PWL1 and the allelic PWL3/PWL4 genes map
at different chromosomal locations (Kang et al., 1995). The PWL2
protein is 75 percent identical to the PWL1 protein, and 51 and 57
percent identical to the PWL3 and PWL4 proteins, respectively. As
opposed to PWL1 and PWL2, the PWL3 and PWL4 genes are non-
functional Avr genes, since they do not confer avirulence on weeping
lovegrass. In contrast to PWL3, PWL4 becomes functional in pre-
venting infection of weeping lovegrass when its expression is driven



by either the PWL1 or the PWL2 promoter (Kang et al., 1995). This
indicates that PWL4 encodes a functional AVR protein, which is not
recognized by weeping lovegrass due to lack of expression of the
gene.

The Avr Genes of Rhynchosporium secalis

The fungus Rhynchosporium secalis is known as the causal agent
of leaf scald on barley, rye, and other grasses. Rhynchosporium
secalis initiates infection by penetrating the cuticle, followed by
extracellular growth of hyphae between the cuticle and the outer epi-
dermal cell walls. The fungus develops an extensive subcuticular
stroma, causes an early collapse of a few epidermal cells and the un-
derlying mesophyll cells, and finally starts to sporulate. Among the
secreted proteins in culture filtrates of R. secalis, a class of necrosis-
inducing proteins (NIPs) has been identified that induces necrosis in
certain barley cultivars and other cereals (Wevelsiep et al., 1993). The
phytotoxicity of these NIPs, which is associated with lesion develop-
ment, appeared to be based on their stimulatory effect on the plant
plasmalemma H+-ATPase, probably in order to release plant nutri-
ents (Wevelsiep et al., 1993).

Strains of R. secalis that secrete NIP1 are unable to grow on barley
cultivars that carry the Rrs1 gene. Rrs1-mediated resistance is not as-
sociated with a rapid HR but with the accumulation of mRNAs en-
coding peroxidase and PR proteins of the PR-5 class (Rohe et al.,
1995). The NIP1 gene encodes a secreted elicitor-active protein of 60
amino acids, ten of which are cysteine residues (Rohe et al., 1995).
The three-dimensional structure of NIP1 has revealed that all ten
cysteines form intramolecular disulfide bonds, providing stability to
the protein (Vant’ Slot, unpublished data). The spacing pattern of the
first eight cysteine residues in NIP1 (-C-CC-C-C-CC-C-) has also
been found in another class of fungal proteins, the hydrophobins. The
partially resolved disulfide bond pattern of the Ophiostoma ulmi
hydrophobin, however, differs from that of NIP1, suggesting that
NIP1 is not functionally related to the hydrophobins. Thus far, no
structural homology has been found between NIP1 and other proteins
(Vant’Slot, unpublished data). Several avirulent races of R. secalis carry
three amino acid changes in the NIP1 gene product (NIP1 type II).



Despite the fact that elicitor activity is reduced, these NIP1 type II
proteins still confer avirulence and still exhibit toxicity. Two elicitor-
inactive NIP1 proteins (NIP1 type III and IV proteins) have been
identified to carry two different, additional amino acid substitutions
(Rohe et al., 1995). Moreover, virulence of R. secalis on Rrs1 barley
plants was accomplished by deletion of the entire NIP1 gene (Rohe
et al., 1995). These strains lacking NIP1 were less virulent on suscep-
tible barley cultivars than those carrying NIP1, demonstrating that
NIP1 plays a role in virulence of R. secalis and that toxic activity of
NIP1 type III and IV is retained (Rohe et al., 1995).

The Genes Encoding Elicitins of Phytophthora spp.

Oomycetous plant pathogens, such as Phytophthora spp., downy
mildews, and Pythium spp., cause devastating diseases on numerous
crops and ornamental plants. In the middle of the nineteenth century,
Phytophthora infestans destroyed potato crops in Ireland, which re-
sulted in starvation and decimation of the Irish population. Despite the
fact that many R genes have been incorporated into potatoes through
traditional breeding strategies, the late-blight pathogen has remained
a continuous threat for potato growers worldwide because of its adap-
tive abilities to overcome these genes.

Although oomycetes exhibit filamentous growth, they share little
taxonomic affinity to filamentous fungi and are more closely related
to eukaryotic algae (Kamoun, Huitema, and Vleeshouwers, 1999).
The disease cycle of oomycetes starts when zoospores encyst and
germinate on root or leaf surfaces. In some species, sporangia germi-
nate directly. Germ tubes penetrate the epidermal cell layer, second-
ary hyphae expand through the intercellular space to neighboring
cells, and in some cases feeding structures are formed inside the
mesophyll cells. The major defense reaction in resistant plants to
many Phytophthora and downy mildew species is associated with a
HR. Partial resistance to Pythium, however, appeared to be mediated
by physical barriers rather than by a HR (Kamoun, Huitema, and
Vleeshouwers, 1999).

Phytophthora infestans, as well as other Phytophthora and Pythium
species, produce extracellular proteins of 10 kDa, termed elicitins,
which contain three highly conserved disulfide bridges (Huet et al.,



1995; Boissy et al., 1996). It has been demonstrated that elicitins bind
to sterols and mediate their transfer between micelles and artificial
phospholipid membranes (Mikes et al., 1998). Because Phytoph-
thora species do not synthesize sterols themselves, elicitins might
contribute to the assimilation and growth of the oomycete. Elicitins in-
duce non-genotype-specific defense-associated responses, including a
HR, in plants of the genus Nicotiana (i.e., Solanaceae) and in some
cultivars of radish, turnip, and rape (i.e., Cruciferae).

Species-Specific Gene parA1 of Phytophthora parasitica

In Phytophthora parasitica, the absence of elicitin production was
correlated with high virulence on tobacco. Although elicitins are en-
coded by a multigene family, it appeared that parA1 was the main
elicitin-encoding gene expressed in vitro and in planta by P. para-
sitica. The parA1 gene was cloned from P. parasitica and encoded a
secreted protein (parasiticein) of 98 amino acids, of which six were
cysteine residues (Ricci et al., 1992). The parA1 gene has been pro-
posed to act as a species-specific Avr gene, since it triggers HR-medi-
ated resistance toward P. parasitica in Nicotiana tabacum (tobacco).
Elicitin-producing P. parasitica isolates have been demonstrated to
cause disease on tobacco, but not on tomato, upon down-regulation
of parA1 expression (Colas et al., 2001). It appears that this down-
regulation event relies on a mechanism that is dependent on the
P. parasitica genotype rather than the host plant (Colas et al., 2001).

Genotype-Specific Gene inf1 of Phytophthora infestans

The inf1 gene of P. infestans encoding infestin was cloned by
screening a cDNA library of a compatible interaction between
P. infestans and potato with a parA1 gene fragment (Kamoun et al.,
1997). While high levels of inf1 transcripts were observed in myce-
lium grown in vitro, the expression of inf1 was down-regulated in
planta (Kamoun et al., 1997). As opposed to parA1, down-regulation
of inf1 expression is not required to evade plant defense responses,
since the host plant potato does not respond to INF1 protein (Kamoun
et al., 1997). In leaves of nonhost Nicotiana plants, however, injec-
tion of INF1 induces a specific HR. To determine whether INF1 plays



a role in nonhost resistance, members of the Nicotiana family were
inoculated with inf1-deficient P. infestans strains. These inf1-defi-
cient strains were able to cause disease when inoculated on leaves
of N. benthamiana, whereas on other Nicotiana species, such as
N. tabacum (tobacco), these inf1-deficient strains were still avirulent
(Kamoun et al., 1998). This demonstrated that INF1 confers nonhost
resistance toward P. infestans in N. benthamiana, but was not the
main determinant of nonhost resistance to P. infestans in other Nicotiana
species. Putative additional candidates that confer avirulence on to-
bacco are the products of the inf2A and inf2B genes of P. infestans,
which also induced a HR when injected into N. tabacum leaves
(Kamoun et al., 1998).

PATHOGENS WITH EVOLVED MECHANISMS
TO COUNTERACT PLANT DEFENSE RESPONSES

As described previously, plant pathogens evade R-gene-mediated
resistance by modification of the elicitor proteins either by mutations
in, or deletion of, the Avr genes or by (down-)regulation of Avr gene
expression. Yet, when the circumvention of elicitor detection fails, or
when the elicitor component is essential for virulence, pathogens re-
quire mechanisms to subvert the induced plant defense responses. In-
deed, plant pathogens counteract plant defenses by secreting en-
zymes that detoxify defense compounds, including phytoalexins, or
use ATP-binding cassette (ABC)-transporters to mediate the efflux of
toxic compounds (as reviewed by Idnurm and Howlett, 2001). More-
over, some bacterial pathogens interfere with R-gene-mediated resis-
tance by secreting proteins that “mask” the presence of a particular
AVR effector protein (Ritter and Dangl, 1996).

Recent studies have revealed that some pathogenic fungi have
evolved counter-defense mechanisms that enable the suppression of
plant defense responses. This mechanism involves a class of proteins,
termed glucanase inhibitor proteins (GIPs), which are secreted by
Phytophthora sojae f. sp. glycines and which inhibit the endoglu-
canase (EnGL) activity of its soybean host (Rose et al., 2002). Se-
quences homologous to GIPs have been identified in genomic DNA
of other Phytophthora species, whereas several other plant patho-



genic fungi do not exhibit related sequences (Rose et al., 2002). GIPs
are homologous to the trypsin class of serine proteases but do not ex-
hibit proteolytic activity. The basis of endoglucanase inhibition by
GIPs involves the formation of a stable complex. This association ap-
pears to be specific, since GIP1 inhibited soybean endoglucanase-A
(EnGL-A) but not EnGL-B. GIPs also suppressed the release of
elicitor-active oligoglucosides from P. sojae mycelial walls in vitro
and during pathogenesis in vivo (Rose et al., 2002). Thus GIPs sup-
press cell wall disassembly by inhibiting endoglucanases and sup-
press the activation of defense-associated responses by inhibiting the
release of oligoglucoside elicitors (Rose et al., 2002).

The CgDN3 gene of the hemi-biotrophic pathogen Colletotrichum
gloeosporioides, which encodes an extracellular protein of 54 amino
acids, is induced under nitrogen starvation conditions at the early stage
of infection on tropical pasture legume (Stephenson et al., 2000). On
intact leaves of a normally compatible host, CgDN3-disrupted mutants
were nonpathogenic and elicited a hypersensitive-like response, the
latter of which may be part of a basal defense reaction toward C. gloeo-
sporioides (Stephenson et al., 2000). When applied to wound sites,
however, these mutants were able to grow necrotropically on host
leaves and form necrotic spreading lesions. It was therefore sug-
gested that at the early stages of the primary infection process,
CgDN3 is required for pathogenicity and functions to suppress the
hypersensitive-like response (Stephenson et al., 2000). As opposed to
the C. fulvum ECP1 and ECP2 elicitors that also suppress host de-
fense responses (Laugé et al., 1997), no elicitor function has been as-
signed to CgDN3.

PLANT GENES THAT CONFER RESISTANCE
TOWARD FUNGI AND OOMYCETES

R genes are very abundant in plant genomes and in most cases they
belong to tightly linked gene families. The R genes that have been
characterized can be divided into six classes of proteins (reviewed by
Takken and Joosten, 2000) (Table 4.3). Three of these classes contain
leucine-rich repeats (LRRs), of which the class of nucleotide-binding
site (NB)-LRRs proteins is the most abundant. The NB-LRR class



R gene Pathosystem Structure
Matching
Avr gene References

L6, M,
N, P

Flax/Melampsora lini TIR-NB-
LRR

U/Na Islam and Mayo, 1990

RPP1,
10, 14

Arabidopsis/Peronospora
parasitica

TIR-NB-
LRR

U/N Botella et al., 1998

RPP4, 5 Arabidopsis/Peronospora

parasitica

TIR-NB-
LRR

U/N Van der Biezen et al.,
2002

RPP8 Arabidopsis/Peronospora

parasitica

CC-NB-
LRR

U/N McDowell et al., 1998

RPP13 Arabidopsis/Peronospora

parasitica

CC-NB-
LRR

U/N Bittner-Eddy et al., 2000

Mla Barley/Erysiphe
graminis

CC-NB-
LRR

U/N Halterman et al., 2001

R1 Potato/Phytophthora
infestans

CC-NB-
LRR

U/N Ballvora et al., 2002

Dm3 Lettuce/Bremia lactucae NB-LRR U/N Anderson et al., 1996

I2 Tomato/Fusarium oxysporum NB-LRR U/N Ori et al., 1997

Rp1 Maize/Puccinia sorghi NB-LRR U/N Richter et al., 1995

Pi-ta Rice/Magnaporthe
grisea

NB-LRD Avr-Pita Bryan et al., 2000

Cf-2 Tomato/Cladosporium
fulvum

LRR-TM Avr2 Dixon et al., 1996

Cf-4 Tomato/Cladosporium
fulvum

LRR-TM Avr4 Thomas et al.,1997

Hcr9-4E Tomato/Cladosporium
fulvum

LRR-TM Avr4E Takken et al., 1999

Cf-5 Tomato/Cladosporium
fulvum

LRR-TM U/N Dixon et al., 1998

TABLE 4.3. R proteins identified in gene-for-gene interactions confering resis-
tance toward fungi and oomycetes classified based on homologous structural
domains



can be further subdivided, based on the deduced N-terminal features
of the R protein. The N-terminus of one subclass contains a TIR do-
main, which has homology to the Drosophila Toll and mammalian
Interleukin-1 receptors, while the other contains putative coiled-coil
(CC) domains. The TIR-NB-LRR and CC-NB-LRR proteins confer
resistance to a broad range of pathogens, including viruses, bacteria,
fungi, oomycetes, nematodes, and insects.

The other two classes of LRR proteins involve the LRR-trans-
membrane-anchored (LRR-TM) proteins and the LRR-TM-kinase
proteins. The LRR-TM proteins have been demonstrated to provide
resistance toward fungi and nematodes, whereas the LRR-TM-kinase
(i.e., Xa-21) confers bacterial (Xanthomonas oryzae pv. oryzae) re-
sistance.

Members of the fourth class of R genes represent protein kinases
which, in the case of Pto, confer resistance toward Pseudomonas
syringae pv. tomato carrying AvrPto. To date, R genes against fungi
that encode protein kinases have not been identified, yet their in-
volvement in defense-signaling pathways leading to fungal disease
resistance cannot be excluded.

The fifth class of R genes is represented by RPW8, a small, puta-
tive membrane protein with a possible cytoplasmic coiled-coil do-

R gene Pathosystem Structure
Matching
Avr gene References

Cf-9 Tomato/Cladosporium
fulvum

LRR-TM Avr9 Jones et al.,1994

Rpw8 Arabidopsis/Erysiphe
Cichoracearum

CC-TM U/N Xiao, Ellwood, et al.,
2001

Ve1, Ve2 Tomato/Verticillium
dahliae

CC-LRR-
TM-PEST

U/N Kawchuk et al., 2001

a U/N =  unknown
TIR, Toll/interleukin 1 receptor-like domain; NB, nucleotide binding site;
LRR/LRD, leucine-rich repeat/domain; CC, coiled-coil; TM, transmembrane
domain; and PEST, Pro-Glu-Ser-Thr sequences

TABLE 4.3. (continued)



main that confers powdery mildew (Erysiphe cichoracearum) resis-
tance in Arabidopsis (Xiao, Ellwood, et al., 2001).

The tomato verticillium wilt Ve resistance genes from tomato rep-
resent the sixth class of R genes (Kawchuk et al., 2001). The two
closely linked Ve1 and Ve2 genes, whose products might recognize
different ligands, encode TM-surface glycoproteins having an extra-
cellular LRR domain, endocytosis-like signals, and leucine zipper
(LZ) or Pro-Glu-Ser-Thr (PEST) sequences. The LZ can facilitate
dimerization of proteins through the formation of CC structures, while
PEST sequences are often involved in ubiquitination, internalization,
and degradation of proteins. Receptor-mediated endocytosis could
provide a mechanism through which cells capture ligands and remove
signaling receptors from the cell surfaces (Kawchuk et al., 2001).

The NB-LRR Class of R Proteins

In flax, NB-LRR proteins have been identified that mediate recog-
nition of 31 different rust (Melampsora lini) strains. These different
resistance specificities are distributed among five polymorphic loci:
K, L, M, N, and P (Islam and Mayo, 1990). Comparative sequence
analysis of the R proteins encoded by the flax L alleles has demon-
strated that both LRR and TIR domains play a role in determining re-
sistance specificities (Luck et al., 2000). Flax R genes confer resis-
tance only to those strains of M. lini that carry the corresponding Avr
gene; however, none of the 31 genetically defined Avr genes has been
cloned yet.

In Arabidopsis, several R gene loci have been identified that confer
resistance toward strains of the oomycetous pathogen Peronospora
parasitica. These RPP loci comprise genes that encode TIR-NB-
LRR proteins (RPP1, 4, 5, 10, and 14) and CC-NB-LRR proteins
(RPP8 and RPP13) (Botella et al., 1998; McDowell et al. 1998;
Bittner-Eddy et al., 2000; Van der Biezen et al., 2002). The RPP4
gene of the Arabidopsis landrace Columbia (Col) is an orthologue of
the RPP5 gene of Landsberg erecta (Ler). RPP4 confers resistance to
P. parasitica races Emoy2 and Emwa1, whereas RPP5 confers resis-
tance toward these races as well as toward P. parasitica race Noco2
(Van der Biezen et al., 2002). These strains of P. parasitica might carry
two distinct, as yet not identified, Avr determinants, i.e., AvrRPP4 and



AvrRPP5 that are recognized by RPP4 and RPP5, respectively. RPP4
and RPP5, on the other hand, could also have overlapping specificities,
whereby AvrRPP4, but not AvrRPP5, is recognized by both RPP4 and
RPP5.

Other R genes that belong to the NB-LRR class, which are also
members of complex resistance loci, confer multiple resistance speci-
ficities toward fungal pathogens as well. In barley, the Mla locus con-
fers resistance against various races of powdery mildew (Blumeria
graminis f. sp. hordei) on a gene-for-gene basis (Halterman et al.,
2001). Moreover, the Rp1 rust (Puccinia sorghi) locus in maize (Zea
mays L.) and the Dm3 downy mildew (Bremia lactucae) locus in let-
tuce (Lactuca sativa L.) all contain multiple genetically linked resis-
tance specificities (Richter et al., 1995; Anderson et al., 1996). For all
of these gene-for-gene interactions, no matching Avr genes have thus
far been characterized.

The rice blast gene Pi-ta confers gene-for-gene-based resistance
against strains of M. grisea that express AVR-Pita. Pi-ta encodes a
putative cytoplasmic receptor and is a member of the NB-receptor
class of R genes. Pi-ta lacks an N-terminal TIR or CC domain and the
C-terminal leucine-rich domain (LRD) lacks the characteristic LRR
motif found in other proteins of the NB-LRR class. The predicted
protein encoded by Pi-ta present in resistant rice varieties differs by
only one amino acid, located at position 918, from the protein en-
coded by susceptible rice varieties (Bryan et al., 2000). Moreover, it
appears that Pi-ta protein with alanine-918, but not Pi-ta with serine-
918, interacts with AVR-Pita in the cytoplasm of rice cells to induce
resistance responses.

The TM-LRR Class of R Proteins

Another class of R genes includes the Cf genes of tomato, which
confer resistance to strains of C. fulvum carrying the corresponding
Avr gene (Table 4.3). The Cf genes encode proteins with a predicted
signal peptide for extracellular targeting, a LRR region, a TM do-
main, and a short cytoplasmic tail (Jones and Jones, 1996; Joosten
and De Wit, 1999). The Cf genes are members of multigene families
and have been designated Hcr2 or Hcr9 (for homologues of Clado-
sporium resistance genes Cf-2 and Cf-9, respectively). Two nearly



identical Cf-2 genes (Cf-2.1 and Cf-2.2) and Cf-5 (Hcr2-5C) confer
resistance toward C. fulvum strains through recognition of the Avr2
and Avr5 gene products, respectively (Dixon et al., 1996, 1998). The
Cf-4 and Cf-9 gene clusters each consist of five Hcr9 homologues, of
which Hcr9-4D (i.e., Cf-4), Hcr9-4E, and Hcr9-9C (i.e., Cf-9) gene
products specifically recognize AVR4, AVR4E, and AVR9, respec-
tively (Jones et al., 1994; Thomas et al., 1997; Takken et al., 1999).

PERCEPTION OF AVR GENE PRODUCTS
BY RESISTANT PLANT GENOTYPES

In the absence of the corresponding R gene, many Avr genes have
been demonstrated to provide a selective advantage to the pathogen
(Laugé and De Wit, 1998; White et al., 2000; Staskawicz et al., 2001;
Bonas and Lahaye, 2002). This, together with the maintenance of Avr
genes within pathogen populations, implies that the primary function
of Avr genes is to confer virulence to the pathogen. Although for most
Avr gene products no biological function has yet been defined, it appears
that in colonized plant tissue, AVR proteins colocalize with various host
virulence targets. Together with the fact that proper subcellular target-
ing is essential for the avirulence activity of AVRs, this implies that
AVR proteins, virulence targets, and R proteins are possibly part of
one complex (Van der Hoorn et al., 2002). Four models have been
proposed to address the question of how and where AVR proteins are
recognized by resistant plant genotypes (Figure 4.1). These models
will be discussed in detail in the following section.

Direct Perception of AVR Proteins

This model reflects the most simple interpretation of Flor’s gene-
for-gene hypothesis: a classical receptor-ligand model that predicts a
direct interaction between Avr and R gene products (Figure 4.1).
Thus far, direct physical interaction has been demonstrated for only
Pto from tomato and AvrPto from Pseudomonas syringae (Tang
et al., 1996), and for Pi-ta from rice and AVR-Pita from M. grisae (Jia
et al., 2000). The cytoplasmic localization of both Pto and Pi-ta is
consistent with the observation that AvrPto and Avr-Pita induce a HR



when expressed inside plant cells (Scofield et al., 1996; Jia et al.,
2000). Pto is a Ser/Thr kinase that interacts with and phosphorylates a
second Ser/Thr kinase, Pti1, and several defense-related transcription
factors, such as Pti4, Pti5, and Pti6 (Martin et al., 1993; Xiao, Tang,
and Zhou, 2001). The most straightforward explanation for induction
of plant defense responses would be that binding of AvrPto to Pto
leads to a conformational change of the kinase protein which in turn
triggers downstream defense signaling pathways. Pto function, how-
ever, requires Prf, a NB-LRR-encoding gene (Salmeron et al., 1996).
Therefore, the “coreceptor” and/or the “guard” model was put for-
ward to rationalize the mechanism of AvrPto-induced defense activa-
tion (Figure 4.1). AVR-Pita recognition, on the other hand, is medi-
ated by direct interaction with the LRD of Pi-ta (Bryan et al., 2000;
Jia et al., 2000). It appears that the putative metalloprotease activity
of AVR-Pita is required for its direct interaction with Pi-ta (Jia et al.,
2000), suggesting a protease-dependent defense elicitation model
(Figure 4.1). Possibly, Pi-ta contains protease cleavage sites, which
upon proteolytic processing renders an active form either by a conform-
ational change or by the release of elicitor peptide(s) that trigger(s)
defense responses.

Indirect Perception of AVR Proteins

In addition to direct perception of AVR proteins by R proteins,
three models have been proposed that postulate an indirect interac-
tion between Avr and R gene products can take place. These models
include enzymatic- or protease-dependent defense elicitation, or the
involvement of a “coreceptor” or a “guard” protein in triggering de-
fense responses.

Protease-Dependent Defense Elicitation Model

Rcr3, a gene required for Cf-2-mediated resistance toward C. fulvum
strains carrying Avr2, has recently been cloned and found to encode a
tomato cysteine endoprotease (Krüger et al., 2002). The fact that
Rcr3 is secreted into the apoplastic space is consistent with the
extracellular localization of AVR2 and Cf-2. Several protease-depen-
dent mechanisms underlying the Cf-2-mediated resistance can be en-



visaged, whereby Rcr3 most likely functions upstream of Cf-2. Rcr3
might process AVR2 to generate a mature ligand, or Rcr3 might de-
grade AVR2, thereby releasing active elicitor peptides that interact
with the extracellular LRR of Cf-2. This would imply that not AVR2
itself but rather a protease-dependent signal triggers Cf-2-mediated
resistance. Another possibility is that AVR2 forms a complex with
Rcr3, which subsequently triggers Cf-2-dependent downstream sig-
naling pathways that lead to disease resistance. Rcr3, on the other
hand, might also be part of a basal defense mechanism of the plant,
which upon inhibition by AVR2, turns on Cf-2-mediated defense re-
sponses.

The “Coreceptor” Model

Most R genes encode proteins that carry LRR domains. These
LRRs, located either intracellular (in the case of most NB-LRR pro-
teins) or extracellular (in the case of LRR-TM proteins), have been
implicated to function in protein-protein interactions (Jones and
Jones, 1996). NB-LRR proteins often function together with Ser/Thr
kinases to trigger R-mediated signal transduction pathways, as dem-
onstrated for Pto kinase, which requires the NB-LRR protein Prf
(Salmeron et al., 1996), as well as for the NB-LRR protein RPS5,
which requires PBS1 kinase (Swiderski and Innes, 2001). Moreover,
in the development of shoot apical meristem, CLV1, a receptor-like
protein kinase with extracellular LRRs, and CLV2, a protein with
predicted extracellular LRRs and a short cytoplasmic domain, func-
tion together to recognize an extracellular peptide encoded by CLV3
(Rojo et al., 2002). Interestingly, the Cf gene family is similar to
CLV2 in that it encodes plasma membrane anchored proteins with
predicted extracellular LRRs and short cytoplasmic regions which
lack any obvious downstream signaling domains. Recently, it has
been demonstrated that both Cf-4 and Cf-9 are part of a heteromulti-
meric membrane-associated complex of approximately 420 kDa (Rivas,
Romeis, and Jones, 2002; Rivas, Mucyn, et al., 2002). Based on the an-
alogy between the two systems, it may be possible that a component ho-
mologous to CLV1, i.e., a receptor-like kinase, is required for Cf-medi-
ated perception of extracellular AVR proteins (Joosten and De Wit,
1999) (Figure 4.1).



The “Guard” Hypothesis

One function of AVR proteins that is likely to contribute to viru-
lence of the pathogen is through manipulation of certain (virulence)
targets present in the host. The ongoing battle between plants and
pathogens could in turn have led to a development of strategies in
which R proteins act as “guards” to monitor the behavior of mole-
cules that are targets of AVR proteins. Van der Biezen and Jones
(1998) have proposed that the function of AvrPto for P. syringae is to
target Pto and suppress the nonspecific defense pathway induced by
this kinase. The AvrPto-Pto complex or AvrPto-activated Pto is rec-
ognized by Prf, which subsequently initiates defense responses. A
variety of mutations have been identified that disrupt the avirulence
function of AvrPto without affecting its virulence function (Chang et
al., 2001). Moreover, these mutants failed to interact with Pto, which,
in line with the “guard” hypothesis, implies that AvrPto interacts with
virulence targets other than Pto.

The “guard” hypothesis could also explain why, in spite of the fact
that extracellular perception of AVR9 is consistent with the predicted
extracellular location of Cf-9, no direct interaction between AVR9
and Cf-9 has been detected (Luderer et al., 2001). Moreover, an
AVR9-specific high-affinity binding site has been identified in plas-
ma membranes of susceptible Cf-0 as well as resistant Cf-9 tomato
plants, implying the involvement of a third component in Cf-9-medi-
ated perception of AVR9 (Kooman-Gersmann et al., 1996). One pos-
sibility could be that the HABS represents the virulence target of
AVR9. Cf-9 may “guard” this virulence target, sense its modification
by AVR9, and trigger downstream defense responses that lead to re-
sistance (Van der Hoorn et al., 2002). Recent studies with tobacco
cell suspensions have revealed that Cf-9-mediated defense responses
are attenuated at temperatures higher than 20 C and are completely
suppressed at 33 C (De Jong et al., 2002). Interestingly, a correlation
was found between the temperature sensitivity of this response and
the amount of AVR9-HABSs, suggesting that the HABS is unstable
at elevated temperatures (De Jong et al., 2002).

The Cf-4-mediated defense responses are also temperature sensi-
tive; yet, as opposed to AVR9, thus far no plant-derived AVR4-specific
HABS has been detected (Westerink, unpublished results). Since AVR4



exhibits chitin-binding activity, an interaction with chitin oligosac-
charides might be required for AVR4 recognition by Cf-4 plants.
However, Cf-4-mediated defense responses are also triggered by
AVR4 in the absence of chitin (De Jong et al., 2002), suggesting a
perception mechanism independent of chitin. Thus, in order to be
consistent with the “guard” hypothesis, AVR4 may function to bind to
chitin, as well as to a host-encoded virulence target that is guarded by
Cf-4.

Virulence targets can also include regulatory proteins which are in-
volved in signal transduction pathways that activate basal or specific
plant defense responses. Mutational analysis of Arabidopsis has
identified several genes required for NB-LRR gene-mediated resis-
tance toward the oomycete P. parasitica as well as the bacterium
P. syringae (McDowell et al., 2000; Dangl and Jones, 2001). One of
these genes, RIN4, has been proposed to be a target of the virulence
activities of two elicitor proteins of P. syringae, AvrRpm1 and AvrB
(Mackey et al., 2002). In the absence of RIN4, plants exhibited en-
hanced resistance toward P. syringae and P. parasitica, indicating
that RIN4 negatively regulated the basal defense-signaling pathway.
It has been suggested that interaction with and/or phosphorylation of
RIN4 by AVR proteins enhances the activity of RIN4 as a negative
regulator of basal plant defense. Thus, in the absence of RPM1, the
AVR proteins function as virulence factors by manipulating RIN4
and suppressing basal defense mechanisms, whereas in resistant
plants, manipulation of RIN4 by AVR proteins is sensed by RPM1,
which subsequently mounts a HR (Mackey et al., 2002).

The RPP4 and RPP5 resistance genes of Arabidopsis thaliana
confer resistance to P. parasitica. The encoding proteins both interact
with AtRSH1, a predicted cytoplasmic molecule with significant
homology to bacterial RelA and SpoT proteins (Van der Biezen et al.,
2000). These RelA/SpoT proteins function as rapidly activated tran-
scription cofactors in bacteria. AtRSH1 is proposed to mediate trans-
criptional activation of stress- and defense-related genes and com-
pounds (Van der Biezen et al., 2000). In line with the “guard”
hypothesis, pathogen-derived AVR proteins might interfere with the
function of AtRSH1, and RPP5 might have evolved to specifically
recognize this physical association and subsequently activate defense
responses (Van der Biezen et al., 2000).



The elicitin proteins of Phytophthora spp. behave similar to sterol
carrier proteins. They can bind and pick up sterols from plasma mem-
branes (Mikes et al., 1998). The ability of elicitins to load and transfer
sterols correlates with their HR-inducing elicitor activity (Osman
et al., 2001). Moreover, mutations that affect the affinity of different
elicitins for sterol also seem to affect the affinity for the HABS identi-
fied on plasmamembranes of tobacco cells (Osman et al., 2001). A
model has been proposed in which binding of elicitins to the HABS
requires the formation of a sterol-elicitin complex (Osman et al.,
2001). Thus, the HABS, which is composed of two plasmamembrane
N-glycoproteins of 50 kDa and 162 kDa (Bourque et al., 1999), most
likely evolved to recognize the sterol-elicitin complex. This hetero-
dimeric HABS is also detected in plasma membranes of Arabidopsis,
which is nonresponsive toward elicitins (Bourque et al., 1999), indi-
cating that additional components are required to trigger defense re-
sponses in Arabidopsis. One possibility could be that a functional, yet
unidentified, R protein is present in tobacco, but not in Arabidopsis,
which “guards” the interaction of the sterol-elicitin complex with the
heterodimeric HABS and thereby confers disease resistance.

DEVELOPMENT OF TRANSGENIC PLANTS THAT
DISPLAY BROAD RESISTANCE AGAINST PATHOGENS

Genetic analysis of plant disease resistance has demonstrated that
single R gene products control resistance by mediating specific rec-
ognition, either directly or indirectly, of complementary AVR pro-
teins produced by pathogens. Plant breeders have often used R genes
to introduce resistance into cultivated crops. However, the intro-
gressed R genes, with only a few exceptions, have been shown to lack
long-term durability in the field (Stuiver and Custers, 2001). Early
evidence arose from studies on the rust fungi P. graminis f. sp. tritici
and M. lini which suggested a possible relationship between the dura-
bility of R genes and pathogen variation; Avr genes with low mutation
rates corresponded to more durable resistance (Flor, 1958). Flor
(1958) proposed that easily mutated Avr genes in pathogen popula-
tions were likely to be less critical to pathogen fitness than those that
mutate rarely. Thus, if loss of avirulence function is associated with a



reduced virulence of the pathogen, the complementary R gene is du-
rable. Therefore, in order to confer durable resistance in crop plants,
there is a considerable interest in cloning R genes, such as Cf-ECP2
(Laugé et al., 1998), which target Avr genes that are important for vir-
ulence.

De Wit (1992) proposed a strategy, referred to as the two-compo-
nent sensor system, to apply Avr genes in molecular resistance breed-
ing. Thereby, an Avr gene is transferred together with its complemen-
tary R gene to a given crop plant. To specifically trigger defense
responses upon pathogen challenge, one of the two components is
placed under the control of a pathogen-inducible plant promoter,
whereas the other is constitutively expressed. Activation of the gene
cassette will lead to localized HR that will prevent further spread of
the invading pathogen. The effectiveness of this HR-mediated resis-
tance, however, relies on the ability of the pathogen to induce the pro-
moter, as well as on the timing of and sensitivity toward, the HR re-
sponse. One of the major advantages of this strategy is to confer
broad-spectrum disease resistance independent of AVR recognition
and thus irrespective of the ability of pathogens to overcome R-gene-
mediated resistance. This strategy has been used to create transgenic
plants that show broad-spectrum and high-level fungal control (Stui-
ver and Custers, 2001). Since this strategy uses the endogenous de-
fense components of the plant to engineer resistance, knowledge is
required about how well downstream signaling components, includ-
ing host-encoded virulence targets, are functionally conserved among
plant species. For example, R genes frequently fail to function when
transferred between plant species, especially when the species are not
closely related. This suggests that the possibility to transfer resis-
tance to commercially relevant crops by genetic engineering may be
limited.

Transgenic tobacco plants expressing the elicitor protein crypto-
gein under the control of a pathogen-inducible promoter developed a
HR in a normally compatible interaction with P. parasitica var.
nicotiana (Keller et al., 1999). These transgenic plants also displayed
enhanced resistance to fungal pathogens that were unrelated to Phy-
tophthora species (Keller et al., 1999). Furthermore, the oomycete
inf1 and fungal Avr9 genes confer avirulence to PVX on tobacco and
Cf-9 tomato, respectively (Kamoun, Honée, et al., 1999). These re-



sults demonstrate that Avr genes can induce resistance to unrelated
pathogens by the induction of a HR.

CONCLUSIONS AND FUTURE DIRECTIONS

To date, 11 Avr genes of fungal origin have been cloned and dem-
onstrated to govern either host genotype or species specificity. For
some of these Avr genes, sequence or structural homology was found
to described gene (products), thereby suggesting a putative intrinsic
function for the pathogen. In the case of AVR9 and AVR-Pita, which
exhibit homology to a carboxypeptidase inhibitor and a metallopro-
tease, respectively, no biochemical evidence is yet available confirm-
ing these putative functions. On the other hand, AVR4 exhibits struc-
tural homology to invertebrate chitin-binding domain proteins, binds
to chitin in vitro, and protects T. viride, and possibly C. fulvum,
against cell wall disassembly by plant chitinases. In spite of the pro-
posed contribution of several Avr genes to virulence of the fungus, a
virulence role has only been assigned for the proteins encoded by
Ecp1, Ecp2, and NIP1. It is conceivable that Avr genes exhibit a role
in virulence that is either difficult to quantify or is functionally com-
pensated for by other effector proteins. One interesting field for fu-
ture research would therefore be to create near-isogenic strains by
gene-replacement or gene-silencing that differ only at the Avr loci, al-
lowing subsequent detailed comparisons on susceptible hosts to as-
sess their contribution to virulence.

Recognition of AVR proteins is mediated by structurally different
classes of R proteins. Detailed analysis of gene-for-gene pairs has
provided further insight into how and where AVR proteins are recog-
nized by resistant plant genotypes. Mutations in motifs that target
AVR or R proteins to specific cellular compartments usually abolish
AVR recognition by the corresponding R gene, suggesting that com-
ponents required for triggering of defense responses are part of the
same complex. This implies that recognition of extracytoplasmic
proteins would occur at the extracellular side of plant plasmamem-
branes. Indeed, export of the CLV3 protein to the extracellular space
of tomato is required for its interaction with and activation of the
membrane-bound CLV1/CLV2 receptor complex. Yet in the case of



the extracellular AVR and ECP proteins of C. fulvum, for which the
location allows an interaction with the extracellular LRRs of the Cf
proteins, thus far no such interaction has been demonstrated. More-
over, evidence for direct interaction between AVR and R proteins is
very limited and has been demonstrated only between AvrPto and
Pto, and between AVR-Pita and Pi-ta.

For most other gene-for-gene pairs, models have been proposed
that describe an indirect rather than a direct perception of AVR pro-
teins by R proteins. Consistent with these models is the involvement
of, at least, a third component in the perception complex. Such a com-
ponent might represent a putative virulence target (such as the AVR9-
HABS) encoded by the host, which is guarded by the R protein. AVR
proteins, however, might have more than one virulence target. This
has been proposed for AvrPto, since mutants have been identified
which retained their virulence function while their interaction with
Pto was abolished, as well as for AVR4, for which binding to chitin is
not required for induction of Cf-4-mediated resistance. Thus, in order
to elucidate the intrinsic function of AVR proteins, it is important to
identify their putative virulence targets. Indirect perception, on the
other hand, might also involve coreceptors (such as protein kinases)
that form a complex with R proteins. Ligand-induced conformational
changes or phosphorylation of receptors could facilitate transmission
from the extracytoplasmic to the cytoplasmic domains and subse-
quently trigger signal transduction. Moreover, indirect perception
could also involve protease-dependent elicitation of defense responses,
which has been proposed for AVR-Pita, which encodes a putative
metalloprotease, as well as for AVR2, which requires a cyteine
endoprotease Rcr3 to trigger Cf-2-mediated defense responses. On-
going research should identify additional players involved in the cur-
rent models of AVR perception by disease resistant plants.

Several R genes of the NB-LRR family have been cloned which
confer resistance toward M. lini (L6, M, N, and P), P. parasitica
(RPP1, 4, 5, 8, 10, 13, and 14), B. lactucae (Dm3), V. dahliae (Ve1
and Ve2), F. oxysporum (I2), and P. infestans (R1). Most of these fun-
gal and oomycetous pathogens, however, are not very amenable to
molecular manipulation, which hampers cloning of the matching Avr
genes. Although the NB-LRR proteins lack any obvious subcellular
targeting signatures, in at least one NB-LRR protein (RPM1), which



recognizes intracellular targeted AvrRpm1 and AvrB, association
with the plasmamembrane as a result of myristylation has been dem-
onstrated (Boyes et al., 1998). The putative cytoplasmic localization
of the NB-LRR proteins suggests intracellular perception of the Avr
gene products. Most fungal pathogens that are recognized by these
NB-LRR proteins, however, produce haustoria and grow extracel-
lularly. This implies that these pathogens might use specialized
mechanisms for delivery of AVR proteins into plant cells. Whether
such mechanisms show parallels with the bacterial Hrp-mediated
type III secretion system (Bonas and Van den Ackerveken, 1997)
needs to be elucidated.

The maintenance of Avr genes in pathogen populations suggests
that the primary function of these genes is to contribute to virulence
of the pathogen. A focus for future research should involve breeding
strategies aimed at plant resistance directed against essential effector
proteins of pathogens, which will lead to development of crop species
that harbor durable resistance. However, to achieve such durability,
more insight is required into the molecular mechanisms underlying
the adaptation of pathogens to R-gene-mediated resistance.
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INTRODUCTION

In the course of evolution and adaptation to pathogen pressure in
the environment, higher plants have developed thick cell walls made
up of cellulose, pectin, lignin, etc., which act as physical barriers to
an invading pathogen. These barriers represent the primary defense
of plants. The secondary defense mechanism involves the constitu-
tive expression of plant secondary metabolites (for example, pheno-
lics, alkaloids, and saponins) that constitute part of the chemical de-
fenses. However, the most complex defense reaction involves turning
on a cascade of genes involved in plant-pathogen interactions. The
inducible defenses include the following: production of reactive oxy-
gen species, phytoalexins, cell wall components (callose, hydroxyl-
proline-rich proteins, etc.), and another group of proteins called
pathogenesis-related (PR) proteins. Extensive study of the hypersen-
sitive reaction of tobacco plants infected with tobacco mosaic virus
(TMV) led to the discovery of PR proteins. These proteins were first
identified as inducible proteins in leaf extracts reacting hypersensitively
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to TMV. Based on their increasing order of electrophoretic mobility,
four new protein components (I, II, III, and IV) were identified in the
hypersensitive plants that were absent in the water-inoculated to-
bacco plants (Van Loon and Van Kammen, 1970).

Selective extraction methods and high-resolution polyacrylamide
gel electrophoresis revealed that these classes of proteins were not
peculiar not only to virus infection, but also to many bacterial and
fungal attacks, particularly in plants exhibiting a hypersensitive reac-
tion. These proteins are mostly of low molecular weight, preferen-
tially extracted at low pH, resistant to proteolysis, and localized pre-
dominantly in the intercellular spaces of leaves (Van Loon, 1990).
The term pathogenesis-related proteins was abbreviated as PR pro-
teins to designate the “proteins coded for by the host plant but in-
duced only in pathological or related situations” (Antoniw et al.,
1980, p. 79). Here, the terms “pathological or related situations” refer
to all types of pathogens and even parasitic attack by insects, nema-
todes, and other higher forms of animals. More recent reports have
shown the induction of PR proteins as a result of colonization by non-
pathogenic/beneficial fungi and bacteria (Blilou et al., 2000; Yedidia
et al., 2000; Zehnder et al., 2001; Coventry and Dubery, 2001).
Abiotic stresses and disorders were not included in this definition, al-
though noninfectious symptoms such as toxin-induced chlorosis and
necrosis often trigger induction of certain PR proteins. PR proteins
are also induced upon environmental stresses, by chemical elicitors,
and at different developmental stages of the plant. The major crite-
rion for being classified as a PR protein is that the protein should be
novel and induced upon infection and should impede further patho-
gen progression, but not in all pathological conditions (Van Loon,
1990). Their induction only in pathological situations suggests (but
does not prove) a role for these proteins in plant defense.

Local infection or hypersensitive reactions in a plant can lead to
acquisition of systemically enhanced resistance to subsequent infec-
tion by various types of pathogens, and this type of systemically ac-
quired resistance (SAR) is attributed to induction of PR proteins in
tissues that are remote from the site of infection. Some other related
situations in which PR proteins are induced include application of
chemicals that mimic the effect of pathogen and wound responses.
Application of salicylic acid (SA), which is known to be an essential



intermediate of signal-transduction pathways, led to accumulation of
PR proteins in tobacco (Gaffney et al., 1993). Mechanical wounding
or insect feeding also led to accumulation of PR proteins (Krish-
naveni et al., 1999).

CLASSIFICATION OF PR PROTEINS

The PR proteins are classified into 14 groups (Van Loon and Van
Strien, 1999), and an additional three groups of PR proteins have
been proposed recently (Van Loon, 2001) (Table 5.1). Although the
earlier classification was made for tobacco and tomato, the present
nomenclature system also accommodates PR proteins from other
plant species. The families are numbered and the different members
of the same family are assigned letters according to the order in
which they were described. For naming a PR protein, it is necessary
to obtain information at both nucleic acid and protein levels and the
same is true for a stress-related protein falling within the definition of
PR proteins.

PR-1 Family

The PR-1 family is often the most abundant group of proteins and
is induced to very high levels upon infection (reaching up to 1 to 2
percent of the total leaf protein). PR-1 proteins have been isolated
from practically all plant species studied. They are typically about
160 amino acids in length, although there is some variation in their
sizes from different plant species. The PR-1 family in tobacco con-
sists of three acidic polypeptides, namely PR-1a, PR-1b, and PR-1c,
which have >90 percent amino acid sequence identity with one
another and are also serologically related to PR-1 proteins from other
plant species. PR-1s fall into two groups, one being acidic and the
other basic (sequence similarity between the two groups is about 65
percent). The acidic PR-1 genes have no introns and the encoded pro-
teins remain soluble at acidic pH (pH 3.0). Acidic PR-1s are predom-
inantly found in the extracellular spaces and xylem elements of
TMV-infected plants, but they were also found in vacuoles of some
specialized leaf cells (Dixon et al., 1991). The basic PR proteins are



Family
Representative
protein

Biochemical
properties

Molecular
size range

PR-1 Tobacco PR-1a Unknown 15-17 kDa

PR-2 Tobacco PR-2 -glucanase 30-41 kDa

PR-3 Tobacco P, Q Chitinase type
I,II,IV,V,VI,VII

35-46 kDa

PR-4 Tobacco R Chitinase type I,II 13-14 kDa

PR-5 Tobacco S Thaumatin-like 16-26 kDa

PR-6 Tomato inhibitor I Proteinase inhibitor 8-22 kDa

PR-7 Tomato P69 Endoproteinase 69 kDa

PR-8 Cucumber chitinase Chitinase type III 30-35 kDa

PR-9 Tobacco “lignin-forming
peroxidase”

Peroxidase (POC) 50-70 kDa

PR-10 Parsley “PR1” Ribonuclease-like 18-19 kDa

PR-11 Tobacco class V
chitinase

Chitinase, type I 40 kDa

PR-12 Radish Rs-AFP3 Ion transport
(defensins)

5 kDa

PR-13 Arabidopsis TH12.1 Thionins 5-7 kDa

PR-14 Barley LTP4 Lipid transfer proteins 9 kDa

Proposed
groups:

PR-15 Oxalate oxidases 22-25 kDa

PR-16 Oxalate oxidase-like
protein

100 kDa
(hexamer)

Source: Modified from Van Loon and Van Strien, 1999.

TABLE 5.1. Families of PR proteins



also found in both the extracellular spaces and the vacuoles of plants.
Curiously, basic PR-1 proteins of tobacco do not cross-react with the
antibodies raised against acidic PR proteins of tobacco, suggesting
that the genes encoding these two groups of PR-1 proteins diverged a
long time ago. Indeed, evidence suggests that these two groups are
differentially regulated (Memelink et al., 1990). The biological func-
tion of PR-1 proteins is not yet clearly established.

The PR-1 proteins were initially believed to be involved in virus
resistance or in virus localization in tobacco. An interspecific hybrid
between Nicotiana glutinosa and N. debneyi constitutively producing
PR-1 protein was shown to be highly resistant to TMV (Ahl and
Gianinazzi, 1982). However, results obtained using transgenic to-
bacco plants expressing PR-1a or PR-1b did not support a role for
these proteins in enhancing resistance to TMV (Linthorst et al., 1989)

-1,3-Glucanases (PR-2 Family)

The PR-2 family comprises primarily -1,3-glucanases, which are
widely distributed among plant species. Several PR proteins with

-1,3-glucanase activity have been detected in tobacco, and they have
been classified into four groups based on amino acid sequence simi-
larities (Leubner-Metzger and Meins, 1999). Class I has several re-
lated basic isoforms which accumulate predominantly in vacuoles. In
contrast, the class II (PR-2a, PR-2b, and PR-2c) and class III (PR-2d)
members are acidic and are secreted into the extracellular space. An-
other distinct anther-specific glucanse, tag1, has been placed in a
fourth group (Leubner-Metzger and Meins, 1999). The specific activ-
ities and substrate specificities vary considerably among the mem-
bers. For instance, the class II enzyme appears to be 50 to 250 times
more active in degrading laminarin than the class II PR-2a and PR-2b
and the class III PR-2d enzymes. Enough experimental evidence is
available to support a defensive role for -1,3-glucanases against fun-
gal pathogens, especially in a synergistic interaction with plant chit-
inases. These glucanohydrolases can exert their antifungal activity in
at least two different ways: either directly by degrading the cell walls
of the pathogen or indirectly by promoting the release of cell
wall–degradation products that can act as elicitors to trigger a wide
range of defense reactions (Leubner-Metzger and Meins, 1999). Sev-



eral reports have confirmed the in vitro antifungal activity of -1,3-
glucanases (especially the vacuolar isoforms) against various fungi
(Velazhahan et al., 2003). The oligosaccharides released from the cell
walls of the pathogen as a result of digestion by -1,3-glucanases
acted as elicitors in soybean (Glycine max L.) plants. They induced
the accumulation of a phytoalexin, glyceollin, which curtailed infec-
tion by Phytophthora megasperma f. sp. glycinea (Sharp et al., 1984).

Chitinases (PR-3, -4, -8, and -11)

The families PR-3, -4, -8, and -11 are comprised mainly of chitin-
ases and related proteins. Chitinases hydrolyze the -1,4 linkages be-
tween N-acetylglucosamine residues of chitin, a structural poly-
saccharide of the cell wall of many fungi, as well as the cuticle of
insects and egg shells of nematodes. Chitinases were the first patho-
gen-induced proteins to be identified and have been studied more ex-
tensively than the other groups. Many chitinases have been purified
from plants and their genes have been cloned (Neuhaus, 1999). The
enzyme is linked with the thinning of the growing hyphal tips of
fungi, followed by a balloonlike swelling that eventually leads to a
bursting of hyphae. A combination of chitinase and -1,3-glucanase
was demonstrated to be more effective than either enzyme alone
against many fungi (Mauch et al., 1988). Some of the chitinases, how-
ever, are not antifungal. For instance, the class IIa chitinases of tobacco
are not antifungal, whereas class I members are strongly antifungal. In
wheat, resistance to leaf rust in cultivars Karee and Lr35 was partially
attributed to high constitutive levels of chitinase and induced -1,3-
glucanase activities, which resulted from a hypersensitive defense
(Anguelova-Merhar et al., 2001). The lack of protection observed in
other cases might be attributed to the site of accumulation and en-
zyme targeting. Apart from the active role of chitinases in fungal cell
wall lysis, the degradation products of the fungal cell wall, especially
the oligomers, could serve as elicitors (Muthukrishnan et al., 2001).
Several chitinase genes have been cloned from legumes. These genes
are expressed in root hairs or nodules, and it has been proposed that
they serve as receptors for chitooligosaccharides or as modulators of
nodulation in legumes (Staehelin et al., 1994). A cloned Nod-factor
receptor-like protein has a PR-11 chitinase-like domain and a cyto-



solic kinase domain (Kim et al., 1997), providing further evidence for
the role of Nod factors as substrates for chitinases.

Thaumatin-Like Proteins (PR-5 Family)

The PR-5 or thaumatin-like proteins (TLPs) have a high degree of
sequence similarity with each other and show immunological rela-
tionship with the sweet-tasting protein thaumatin, found in fruits of
the West African shrub Thaumatococcus daniellii (Cornelissen et al.,
1986). TLPs are not commonly detected in leaves of young healthy
plants but rapidly accumulate to high levels in response to biotic or
abiotic stresses. They are generally highly soluble proteins that are
stable even at very low pH and are resistant to proteolysis. The
extracellular TLPs are always acidic, whereas the vacuolar ones tend
to be basic (Velazhahan et al., 1999). As with other PR proteins, there
are two classes of TLPs. The larger class includes proteins with a size
of about 22 to 26 kDa, and members of the smaller class are about 16
to 17 kDa. For example, rice has two classes of inducible TLPs; one is
a 16 kDa TLP induced by Pseudomonas syringae (Reimmann and
Dudler, 1993). Infection of rice plants with the sheath blight patho-
gen Rhizoctonia solani resulted in the induction of two TLPs of 24
and 25 kDa within one to two days after infection (Velazhahan et al.,
1998). Reiss and Horstmann (2001) detected eight TLPs (TLP1-
TLP8) by two-dimensional electrophoresis and N-terminal sequenc-
ing in barley leaves infected by Drechslera teres. Four of these were
acidic and four were basic. A 17 kDa TLP was recently purified from
sorghum leaves infected by Fusarium moniliforme, which strongly
inhibited the mycelial growth of the same pathogen and Trichoderma
viride at 10 g level (Velazhahan et al., 2002). Although many TLPs
are antifungal, their antifungal activity varies with the specific fungal
genus (Vigers et al., 1991; Abad et al., 1996). At higher concentra-
tions, TLPs can actively lyse fungal membranes, while at lower con-
centrations, they affect membrane permeability which can cause
leakage of cell constituents and increase the uptake of other anti-
fungal compounds. The TLPs are induced in response to viral, fun-
gal, and bacterial infections. TLPs are also induced by nonpathogenic
stress, such as osmotic stress, and by hormones and signal molecules



such as abscisic acid (ABA), ethylene, SA, and jasmonic acid (JA)
and by wounding (summarized in Velazhahan et al., 1999).

Proteinase Inhibitors (PR-6 Family)

Proteinase inhibitors (PIs) are stable defense proteins found in
seeds whose expression is developmentally regulated; they are also
induced in leaves upon attack by pests or pathogens. Although more
than ten unrelated subclasses of proteinase inhibitors are known in
plants, only a few of them have been shown to have defensive roles in
plants. The 6 family of PR proteins has been created to accommodate
the PIs with known defensive roles in plants. The first such inhibitors
were the two PIs induced in tomato upon insect feeding (Hass et al.,
1982). Induction of PIs in plants in response to microbial attack has
also been observed in many plant systems. Increases in trypsin and
chymotrypsin inhibitory activities in tomato leaves infected by Phy-
tophthora infestans were detected, and this induction was stronger in
resistant lines when compared to the susceptible ones (Peng and
Black, 1976). Pathogens and pests invading plant tissues rely on a set
of proteases as part of their virulence factors. These proteinases be-
long to four classes, namely serine-, cysteine-, aspartic-, and metallo-
proteinases. In parallel, plants have evolved genes encoding inhibi-
tors that inactivate some of these proteinases and thus may reduce the
ability of the pathogen or pest to digest host proteins, and therefore
limit the availability of nitrogen source for the invader. The induction
of subclasses of PIs in response to microbial infection has been re-
ported in numerous plants (summarized in Heitz et al., 1999). The
plant defensive capabilities of PIs against insect predation have been
clearly demonstrated both by feeding experiments with synthetic
diets (Ryan, 1990) and bioassays on transgenic plants (Hilder et al.,
1987). The search for PIs that inactivate proteinases of pathogenic
microbes has generated a large amount of data. A clear understanding
of the roles of PIs would be possible through genetic engineering of
both pathogen and host, either by knocking out microbial genes en-
coding secreted proteases or by overexpressing new isoforms of PIs
in plants.



Peroxidases (PR-9 Family)

Peroxidases are key enzymes in the cell wall-building process, and
it has been suggested that extracellular or wall-bound peroxidases
would enhance plant resistance by the construction of a cell wall bar-
rier that may impede pathogen ingression and spread (Ride, 1983).
Even though many peroxidases are found in most plant species and
are expressed constitutively, some isozymes appear to be inducible
upon pathogen infection. An increase in peroxidase activity has been
correlated with resistance of plants to various pathogens. In contrast,
the peroxidase activity in susceptible interactions was delayed or not
induced within the critical time period of early host response, allow-
ing the pathogen to proliferate in host tissues (Chittoor et al., 1999).
Apart from their role in cell wall strengthening through deposition of
characteristic materials required for processes such as lignification,
suberization, and polysaccharide cross-linking, peroxidases also are
involved in a secondary reaction. The formation of reactive oxygen
species occurs during deposition of these compounds into the cell
walls by peroxidase activity, which is likely to be toxic to the patho-
gen. Alternatively, these active oxygen species may act as messen-
gers which activate the plant defense responses that would contribute
to resistance (Chittoor et al., 1999). However, experiments to deter-
mine the role of peroxidases in defense responses through transgenic
studies, such as overexpression or antisense suppression, have re-
mained inconclusive (see Chapter 7).

Oxalate Oxidases, Lipid Transfer Proteins, Thionins,
and Plant Defensins (PR-12, -13, -14, -15, and -16)

The most recent classification of PR-protein groups also includes
several plant defense peptides, including defensins (PR-12), thionins
(PR-13), lipid transfer proteins (LTPs, PR-14), and plant oxalate oxi-
dases and related proteins (PR-15 and -16), all of which have anti-
microbial activity. The oxalate oxidases (OxO) from wheat and bar-
ley, which have close resemblance to the germinlike proteins, have
been extensively studied. These genes were first detected and iso-
lated from the cell walls of germinating seeds and were later demon-
strated to be induced by fungal invasion (Lane 1994; Hurkman and



Tanaka, 1996). Oxalate oxidases catalyze the degradation of oxalic
acid into carbon dioxide and hydrogen peroxide. They are oligo-
meric, water-soluble, protease-resistant, heat-stable and SDS-toler-
ant glycoproteins (Lane, 1994). Even though the exact mechanism of
antimicrobial activity of these enzymes is not clearly understood to
date, they are implicated in the generation of reactive oxygen species
(ROS).

Some of the cysteine-rich antimicrobial peptides reported in plants
have sizes ranging from 2 to 9 kDa, and some of them have been iden-
tified and classified as thionins, defensins, and lipid transfer proteins.
Thionins are classified in a family of homologous peptides that in-
clude the purothionins and hordothionins isolated from wheat and
barley, respectively, and their homologues occur from various taxa,
such as viscotoxins, phoratoxins, and crambins (Garcia-Olmedo
et al., 1989). The mature thionin peptides are generally 45 to 47
amino acids in length, and based on their amino acid sequence simi-
larity, they can be classified into at least five types (I-V). The exact bi-
ological role of thionins as defense genes is not well understood
(Bohlmann, 1999), but there are reports of transgenic plants over-
expressing thionins and viscotoxins with enhanced resistance to fun-
gal pathogens (Carmona et al., 1993; Epple et al., 1997).

Plant defensins are also a family of cysteine-rich antimicrobial
peptides, 45 to 54 amino acid residues in length, that are ubiquitous in
the plant kingdom (reviewed by Conceição and Broekaert, 1999).
They are structurally unrelated to thionins and have a cysteine-stabi-
lized motif. All known members of this family have eight
disulfide-linked cysteines, including one at the C-terminus and a
glycine residue. Plant defensins are preferentially located in periph-
eral cell layers and have also been reported to occur in the xylem, in
stomatal cells, and in the cells that line the substomatal cavity, all of
which are locations for pathogen entry (Broekaert et al., 1997). Rye
seed defensins, Rs-AFP1 and Rs-AFP2, are prototype defensins with
antifungal activity. Some defensins affect morphogenesis (cause
branching of hyphae), whereas others merely inhibit hyphal growth.
They seem to act by inducing rapid Ca++ uptake and K+ efflux across
fungal membranes (Thevissen et al., 1997). Some, but not all, defens-
ins are inducible upon pathogen infection.



Plant lipid transfer proteins are 90 to 95 amino acid–long poly-
peptides that are secreted and accumulate in the cell walls and other
exposed surfaces of infected plants. They exhibit antimicrobial activ-
ity in vitro (Garcia-Olmedo et al., 1995). The LTPs accumulate in
outer cell layers of exposed surfaces (e.g., cell wall) at much higher
concentrations than those required to inhibit the growth of pathogens
in vitro (Kader, 1996; Velazhahan et al., 2001); because of their high
isoelectric point, they may act as membrane permeabilizing agents.
These proteins are generally secreted and externally associated with
the cell, although a cytosolic role of these enzymes has been sug-
gested (Sterk et al., 1991; Pyee et al., 1994). These proteins were so
named because of their ability to stimulate the transfer of a broad
range of lipids between membranes in vitro (Yamada, 1992). It has
been proposed that these enzymes may be involved in secretion and
deposition of extracellular lipophilic materials and in transport of
cutin monomers required for biosynthesis of surface wax (Sterk et al.,
1991). The role of LTPs as antimicrobial agents was demonstrated in
vitro against T. viride and R. solani (Velazahan et al., 2002) and by in
vivo expression of these proteins in transgenic tobacco and Arabidopsis
(Molina and Garcia-Olmedo, 1997).

NONDEFENSE FUNCTIONS OF PR PROTEINS
AND PR-LIKE PROTEINS

The classic definition of PR proteins as proteins expressed in
“pathological or related situations” excludes several other proteins
related in sequence to PR proteins if these proteins are expressed
even at low levels in uninfected plants. The proteins expressed consti-
tutively in healthy plants and others expressed during specific devel-
opmental stages, such as flowering, have been referred to as PR-like
proteins (Van Loon, 1990). The PR and PR-like proteins may also
have other important functions in addition to their role in plant de-
fense, because of their tissue-specific expression, localization in
apoplast and vacuoles, and because their synthesis is often influenced
by endogenous and exogenous signals. Surprisingly, some PR pro-
teins show similarity to many other non-PR proteins found in a vari-
ety of organisms. For instance, the PR-1 proteins show significant se-
quence similarity to proteins of diverse origin, such as insect venom



of hornet wasp, mammalian sperm-coating glycoprotein, and certain
proteins secreted by the fungus Schizophyllum commune during fruit-
ing body production (Van Loon and Van Strien, 1999). Because PR
proteins are often stress-inducible proteins, they could play a vital
role in alleviating the harmful effects of these stress conditions and
the consequent damage to the affected tissues. Invariably, the acidic
and basic PR proteins were induced by agents/conditions such as eth-
ylene, plasmolysis, drought, high salt, heat shock, UV, ABA, and JA,
and by mechanical wounding or tissue damage as a result of insect
feeding. There are also reports of induction of PR proteins in the ab-
sence of pathogenic attack, suggesting their involvement in protec-
tion of cellular structures, either physically by stabilizing sensitive
membranes or macromolecules or chemically by keeping potentially
harmful saprophytic microorganisms on tissue surfaces or in inter-
cellular spaces under check (Van Loon and Van Strien, 1999).

The specificity of Rhizobium-plant interactions might be partly
due to the active role played by the root chitinases, which utilize Nod
factors as substrates (Staehelin et al., 1994). A specific chitinase with
homology to PR-4 was essential for somatic embryogenesis of carrot
cell suspensions (Kragh et al., 1996). The occurrence of PR proteins
in floral parts suggests their specific physiological functions during
flower development rather than in plant defense, which may be of
secondary importance (Van Loon and Van Strien, 1999). These find-
ings suggest that such developmentally regulated chitinases and
glucanases could be implicated in the generation or turnover of signal
molecules or morphogenic factors. Although there is a possibility
that -1,3-glucanases function as signal-generating enzymes acting
on cell wall glucans, the natural substrates for chitinases in higher
plant cells have not been identified. In addition, the developmentally
regulated -1,3-glucanases may have a role in microsporogenesis,
such as dissolution of the callose wall of the tapetum-specific callose
( -1,3-glucans). Another possible role for -1,3- and -1,3-/ -1,4-
glucanases is in cell wall degradation during seed germination (Leub-
ner-Metzger and Meins, 1999).

Dual Cellular Location of PR Proteins

DNA sequence analysis and identification of open reading frames
using sequence prediction software have indicated that many, if not



all, of the PR proteins have signal peptide sequences (not signal an-
chors) at their N-termini, suggesting that these proteins are made on
ribosomes attached to the endoplasmic reticulum (ER). It is very
likely that the PR proteins are deposited in the lumen of the ER,
where they are then transported to other locations, including secre-
tory vesicles. Indeed, almost all of the acidic PR proteins have been
identified in the apoplastic fluid of plant cells. This is true for PR-1,
PR-2, PR-3, and PR-5 and possibly a few other classes as well. They
are often referred to by the notation PR1a, PR2a, etc. Interestingly, in
many cells, basic counterparts of all of these classes of acidic PR pro-
teins are found to accumulate in the vacuoles. Sequence analyses of
cDNA clones of the encoded basic PR proteins have indicated the
presence of additional sequences at the C-termini. These C-terminal
extensions have been shown to be necessary and sufficient for target-
ing of these proteins to the vacuoles (Neuhas et al., 1991; Neuhaus,
1999). In some cases, the vacuolar targeting signal may be found at
the mature N-terminus. For example, deletion of a 16 amino acid–long
N-terminus propeptide from the precursor of sweet potato PR pro-
tein, sporamin, caused the protein to be secreted instead of being tar-
geted to the vacuoles (Matsuoka et al., 1990).

Many basic forms of PR proteins (intracellular) have been shown
to have strong antifungal activity, in contrast to their acidic forms
(extracellular), which are less toxic or even nontoxic to fungi. The
fungal pathogens, biotrophs in particular, initially develop in the
intercellular space and subsequently grow extracellularly in the necro-
trophic phase. Thus, PR proteins that are accumulated predominantly
in vacuoles (intracellular) practically have little effect on the fungal
hyphae that rapidly proliferate in the intercellular spaces without
penetrating the cell. Disruption of vacuoles will lead to liberation of
hydrolytic enzymes to the intercellular spaces; this occurs at the late
necrotic phase, when enough tissue damage would have already been
caused (Vidhyasekaran, 1997).

NATURAL AND SYNTHETIC ELICITORS
OF PR-PROTEIN GENES

Several molecules that are derived from pathogens or from host-
pathogen interactions can serve as elicitors of PR-protein induction.



The elicitors derived from pathogens include oligosaccharides derived
from chitin, glucan, and pectin, fungal cell wall derivatives, extracellular
glycoproteins, polysaccharides, oligosaccharides, and harpins pro-
duced by pathogenic and nonpathogenic bacteria and fungi. Mechan-
ical wounding, insect feeding, chemical elicitors, and environmental
stresses also can switch on PR protein accumulation. Thus, the ex-
pression of PR-protein genes in plants is often influenced by multiple
stimuli, but in contrast, no receptors have been unequivocally estab-
lished for any of these signal molecules (Zhou, 1999).

Plants can respond to oligosaccharide elicitors produced during
the process of infection. The involvement of oligosaccharides de-
rived from -glucan, chitin, chitosan, and pectin in signaling of plant
defense machinery has been well established. These elicitors can
cause induction of phytoalexins or PR-protein synthesis (Vidhya-
sekaran, 1997; Kuc, 2001). The lipopolysaccharides (LPS) from the
cell walls of Gram-negative bacteria can influence the outcome of
certain plant-pathogen interactions. The LPS of Xanthomonas camp-
estris induced -1,3-glucanase expression in Brassica and evoked a
local induced response, whereas the LPS from Escherichia coli did
not register any increase in -1,3-glucanase levels (Newman et al.,
2001). An LPS fraction purified from the biocontrol bacterium Burk-
holderia cepacia, was able to induce resistance against infection by
Phytophthora nicotianae in tobacco. This LPS elicited the accumula-
tion of a variety of PR proteins (at least six classes) in leaves (Coven-
try and Dubery, 2001). This could be one of the major mechanisms by
which plant-growth-promoting rhizobacteria evoke induction of sys-
temic resistance in plants, which is often potentiated by SA or JA
(Newman et al., 2001; Ramamoorthy et al., 2001).

Another class of elicitors is typified by the polypeptides encoded
by avirulence (avr) genes of the pathogen. A pathogen containing a
particular avr gene is recognized by the host plant that carries a corre-
sponding resistance (R) gene and activates disease resistance in the
host. Over the past decade, extensive work has been done in this area
and several R genes and their corresponding avr genes have been
characterized (see Chapters 3 and 4). The recognition of the avr gene
product by an R gene product normally activates a variety of defense
responses that include PR-protein induction in plants (Zhou, 1999).
A typical example of this phenomenon is an apoplast-located race-



specific oligopeptide elicitor, encoded by the avr9 gene from the
pathogen Cladosporium fulvum, which causes leaf mold of tomato.
When tomato plants were injected with the intercellular fluid con-
taining this peptide, the transcription of -1,3-glucanase and chiti-
nase genes was activated in plants that carried the corresponding R
gene but not in plants lacking this gene (Wooben et al., 1996).

Salicylic acid is an endogenous signal molecule that very often can
induce PR proteins in plants. SA is postulated to bind to a receptor
which, in turn, may trigger the signal transduction cascade leading to
the production of transcription factors regulating PR-protein expres-
sion or other defense proteins (Metraux, 2001). In tobacco plants, SA
induces the expression of at least nine different PR-protein genes, and
interestingly, all of them were also induced by TMV infection. The
endogenous levels of SA increased 50-fold in TMV-inoculated leaves
followed by accumulation of PR proteins in resistant plants. Neither
response was detected in susceptible plants. However, SA treatment
of susceptible plants did lead to the triggering of PR-protein gene ex-
pression, suggesting that TMV infection could not enhance SA levels
in susceptible plants and, therefore, failed to trigger PR-gene expres-
sion (Malamy et al., 1990). Tobacco plants expressing the NahG gene
(salicylate hydroxylase gene from Pseudomonas putida) do not accu-
mulate SA. These plants did not accumulate PR proteins upon TMV
infection (Gaffney et al., 1993). Similarly, Arabidopsis plants ex-
pressing the NahG gene did not accumulate mRNAs encoding PR
proteins, which emphasizes the role of SA in PR-protein induction
(Lawton et al., 1994).

Jasmonic acid and methyl JA are the other signal compounds syn-
thesized from linolenic acid that are commonly involved in stress re-
sponses of plants. JA induced the accumulation of several poly-
peptides, proteinase inhibitors, and ribosome-inactivating proteins
(RIP) in many plants (reviewed in Vidhyasekaran, 1997). Methyl JA
also induced the accumulation of a proteinase inhibitor in alfalfa that
was wound inducible. A higher level of proteinase inhibitors was
found in alfalfa plants following treatment with methyl JA (Farmer et
al., 1992).

Exogenous application of chemicals, such as -amino n-butanoic
acid (BABA) or acibenzolar S-methyl (ASM), can induce the accu-
mulation of PR proteins, especially when challenged with pathogens



(Siegrist et al., 2000; Ziadi et al., 2001; Silue et al., 2002). It has been
proposed that these chemicals are involved in other signal trans-
duction pathways. The Arabidopsis nahG mutant plants showed in-
duced resistance following application of BABA. A similar enhance-
ment of resistance was also observed with mutants with impaired
ethylene or JA pathways (Zimmerli et al., 2000). The -1,3-endo-
glucanase mRNA levels were increased following treatment of citrus
fruits with BABA (Porat et al., 2002). Similarly, BABA-treated cauli-
flower seedlings challenged with Peronospora parasitica had a mas-
sive increase of PR-2 proteins. Treatment with ASM resulted in a
progressive increase in -1,3-glucanase activity in these seedlings
over several hours following inoculation with P. parasitica (Ziadi et al.,
2001). Treatment of tobacco plants with BABA led to the induction
of PR-1 mRNA that was concentration dependent, with the highest
accumulation occurring at 40 µmol/L of BABA (Hae-Keun et al.,
1999). But in the case of Arabidopsis, spraying of BABA even at a low
concentration induced accumulation of PR proteins (Jacob et al.,
2001). Various chemicals, including 2,6-dichloroisonicotinic acid
(INA) and benzothiadiazole (BTH), have induced disease resistance
in various plants, which was mostly due to systemic acquired resis-
tance (SAR) and was associated with production of PR proteins
(Oostendorp et al., 2001). Application of ASM to soil induced the ac-
cumulation of PR proteins, including chitinase, -1,3-glucanase, and
TLP in sugarcane. These plants were fairly resistant to red rot infec-
tion, caused by Colletotrichum falcatum (Rameshundar et al., 2000).

Ethylene is another endogenous regulator of PR-protein gene ex-
pression and is often referred to as a stress-related phytohormone.
Treatment of plants with ethylene caused an enhanced accumulation
of PR proteins, including -1,3 glucanases and chitinases (Ishige
et al., 1991). Treatment of tobacco calli with 1 mM cobalt chloride, a
well-known inhibitor of ethylene biosynthesis, resulted in inhibition
of -1,3-glucanase activity, and this inhibition was overcome by ex-
posure to ethylene (Felix and Meins, 1987). Exposure of ozone-sensi-
tive tobacco plants to ozone resulted in a significant increase in ethyl-
ene production that was undetectable in tolerant plants. Prolonged
ozone treatment for two days markedly increased the mRNA levels for

-1,3-glucanase and chitinase in sensitive plants, which provided evi-
dence for the involvement of ethylene in the transcriptional induction



of PR proteins (Ernst et al., 1992). Ethylene-mediated induction of
PR proteins in tobacco follows two pathways, one of which is light
dependent and the other which is not light dependent. The light de-
pendence was demonstrated by growing plants in light/dark follow-
ing ethylene treatment. Accumulation of PR-1b transcript levels in
light was fivefold greater than in the dark (Eyal et al., 1992). In
Arabidopsis, PR-1, PR-2, and PR-5 proteins were induced by ethyl-
ene (Lawton et al., 1994). However, Mauch and colleagues (1984)
observed no down-regulation of synthesis of chitinase and -1,3-
glucanase in pea after treatment with aminoethoxyvinylglycine, a
specific inhibitor of ethylene synthesis. Similarly, a mutant of tomato
that constitutively overexpresses ethylene did not show any marked
increases in the level of PR proteins (Belles et al., 1992). The reasons
for these apparently contradictory results are unknown.

Systemin, a wound-inducible polypeptide detected in tomato leaves,
triggered the synthesis of proteinase inhibitors I and II (Pearce et al.,
1991). Homologues of systemin were found in potato and alfalfa.
Prosystemin mRNA accumulated in the upper leaves of plants in
which the lower leaves were wounded, demonstrating that prosys-
temin mRNA is systemically wound inducible. Tomato plants ex-
pressing antisense prosystemin transcripts exhibited complete sup-
pression of the systemic wound induction of protease inhibitors
(McGurl et al., 1992). This observation supports the vital role of
systemins in signal transduction regulating the synthesis of protease
inhibitors.

Sometimes the signal inducing PR-protein expression might be a
very simple compound, such as a short peptide. The intercellular flu-
ids of tobacco hybrids or a hypersensitive type that was infected by
tobacco necrosis virus contained a signal molecule that was capable
of inducing the synthesis of PR-1a and PR-1b in leaves of tobacco
var. Xanthi. The intercellular fluid from uninfected plants did not
elicit this response. The components of the intercellular fluid were re-
solved by molecular sieve chromatography and deduced to contain a
small peptide, or perhaps an amino acid, that was not inactivated by
proteases or boiling (Gordon-Weeks et al., 1991).

Apart from the effects of the signal molecules acting individually,
there exists the possibility of synergism or antagonism among signal
molecules on expression of PR-protein genes. For example, accumu-



lation of osmotin (PR-5) mRNA was dramatically higher in tobacco
leaf tissues when ethylene and SA were applied in combination com-
pared to plants treated with either one alone. Similarly, a combination
of SA and JA induced accumulation of PR-1b in ‘Wisconsin 38’ to-
bacco to a level that was severalfold greater compared to plants
treated with SA alone (Xu et al., 1994).

MECHANISMS THAT PROTECT PATHOGENS
FROM PR PROTEINS

Pathogens may produce enzymes or inhibitors that can protect
them from lysis by cell wall–hydrolyzing enzymes of the host. Chitin
deacetylase is produced by Colletotrichum lindemuthianum and-
C. lagenarium. When cucumber plants were inoculated with C. lagen-
arium, chitin deacetylase activity increased severalfold, especially
during lesion development. Such rapid deacetylation of chitin would
render the polymer chain not susceptible to chitinase and remain in-
tact in the form of partially N-acetylated chitosan polymers which re-
main bound to the hyphae and thus sustain the rigidity of the cell wall.
This mechanism would partially protect the fungal cell wall from
host chitinases (Seigrist and Kauss, 1990).

The pathogens may tend to play it safe by excluding chitin as a
component of their cell wall, especially within the infection struc-
tures. The absence of chitin at the site of initial contact with the host
plasma membrane is critical for the establishment of infection by
intracellular biotrophs. Such infection structures devoid of chitin
would be resistant to host chitinases. This would indirectly affect the
induction of chitinases in host tissues because the degradation prod-
ucts of chitin are strong elicitors of chitinases. The lack of chitin in
the primary infection structures was demonstrated by the use of gold-
labeled wheat germ agglutinin (which binds to N-acetyl glucosam-
ines in chitin) in combination with electron microscopy. The appres-
sorial cones, infection peg, and young and intracellular hyphae of
C. lindemuthianum remained unlabeled throughout the stages of in-
fection, indicating the absence of chitin in these structures, whereas
other structures, including conidia, appressoria, germinating conidia,
and matured hyphae were labeled (O’Connell and Ride, 1990).



The slower accumulation of PR proteins at the site of infection
during the early stages of infection would favor pathogenesis sub-
stantially. This is apparently the situation in susceptible plant types.
Brassica nigra, which is resistant to Phoma lingam, showed a very
rapid induction of PR-2 proteins and two acidic chitinases, whereas
in the susceptible species B. napus, the induction of these PR proteins
was delayed or absent. It has been suggested that there was a correla-
tion between accumulation of PR proteins and the outcome of the in-
fection (Dixelius, 1994).

In many fungal infections, the pathogen releases small amounts of
elicitors from its cell wall that may be below the threshold for activat-
ing the defense signaling of the host. An incompatible strain of
Fusarium oxysporum f. sp. apii liberated more chitin oligosaccha-
rides than a compatible strain infecting celery roots. This reduction in
the level of elicitors released by the compatible strain was associated
with lower levels of PR-protein accumulation (compared to the in-
compatible strain), which was presumably favorable for infection
(Krebs and Grumet, 1993).

The PR proteins are also known to undergo degradation in plant
tissues that are undergoing senescence. Often this is the signal for op-
portunistic fungi or pathogens to initiate infection in these tissues. An
aspartyl proteinase that is constitutively present in tomato could
cleave the PR proteins. The fungal infection offers a conducive envi-
ronment for the protease to be active in the apoplast by the lowering
of pH (Rodrigo et al., 1989). Even in the absence of infection, mere
elicitor treatment of plant tissues would lead to rapid degradation of
PR proteins by native proteases. SA-treated tobacco leaf discs gradu-
ally get depleted of PR proteins with increases in time (Matsuoka and
Ohashi, 1986).

A gradual adaptation of the pathogen to PR proteins in the host is
the other type of escape mechanism often suspected, especially when
overexpression of the native PR-protein genes in the same host is at-
tempted. It is a possible mechanism by which transgenic plants constitu-
tively overexpressing a PR-protein gene may not exhibit adequate levels
of resistance to infection and disease. Transgenic tobacco plants over-
expressing a basic chitinase in large quantities did not show resistance to
frog eye spot pathogen. It might be due to the adaptation of the fungal
pathogen to the host defense mechanism (Neuhaus et al., 1991).



TRANSGENIC PLANTS EXPRESSING SINGLE GENES
FOR PR PROTEINS

It becomes a matter of curiosity for many researchers to determine
the function of these PR genes when overexpressed in plants and their
effect in controlling disease. Apart from that, it is an ideal strategy to
enhance the level of resistance to pests. Under the aegis of advance-
ments made in genetic engineering, tools are readily available to mobi-
lize genes into plant systems and determine how they behave and func-
tion. It is also possible to target the expression and thereby ensure the
PR proteins would be deployed in the right location where the patho-
gen initiates infection, e.g., intercellular space (Punja, 2001).

PR-1

Transgenic N. tabacum cv. Xanthi-nc constitutively overexpres-
sing PR-1a showed a significant delay and substantial reduction in
disease symptoms against two oomycetes, Phytophthora parasitica
and Peronospora tabacina, suggesting their selective specificity to
pathogens. Consistent with these results was the finding that purified
PR-1 proteins inhibited the growth of Phytophthora infestans in in vi-
tro antifungal assays (Alexander et al., 1993). The PR-1 proteins are
developmentally regulated and expressed in response to external
stimuli such as chemical elicitors (ethylene, SA, JA), wounding, hor-
mones, and UV light (Buchel and Linthorst, 1999).

Chitinase Genes

Many of the genes and cDNAs encoding PR proteins have been
isolated and characterized for several PR proteins over the past two
decades. With the advancements in tools for genetic engineering, sev-
eral PR-protein genes have been mobilized into plant systems and the
resulting transgenic plants have been extensively studied. Most of the
studies have resulted in the constitutive overexpression of PR pro-
teins in all tissues, although some studies involve expression of these
genes in the antisense orientation. However, the overexpression strat-
egy incurs an additional metabolic load on the plant, diverting some
of its resources to the synthesis of these defense proteins in an indis-



criminate manner. Nevertheless, this strategy may be valuable if the
goal is to enhance the level of resistance in susceptible germplasm
and to stabilize the yield in geographic areas with high pathogen
pressure (Datta et al., 1999). A more attractive approach would be to
express combinations of PR-protein genes under the control of an in-
ducible promoter or tissue-specific promoters.

Among the PR proteins, chitinases and -1,3-glucanases are the
best candidates for manipulating single-gene defense mechanisms
because they target chitin and -1,3-glucans, which are structural
components of many fungi. Overexpression of a bean vacuolar chit-
inase resulted in significantly reduced symptoms of blight caused by
Rhizoctonia solani in tobacco and canola plants (Broglie et al., 1991).
This was the first successful report of the development of transgenic
plants with a PR-protein gene showing enhanced levels of disease re-
sistance. The constitutive expression of a class I rice chitinase gene,
chi11, in rice delayed the progression of sheath blight and reduced le-
sion size when challenged with R. solani (Lin et al., 1995). Transgen-
ic rice plants expressing another rice chitinase gene (RC-7) also had
higher levels of resistance to sheath blight (Datta et al., 2001). A class
I chitinase gene from barley was also effective in significantly reduc-
ing the disease symptoms due to sheath blight disease in transgenic
rice when expressed at high levels (Ghareyazie et al., 2000).

Chitinase genes have also been introduced into other hosts in an at-
tempt to enhance disease resistance. Only a limited number of studies
involving some crop plants are reviewed here. Zhu and colleagues
(1998) reported the introduction of a rice chitinase gene (chi11) into
grain sorghum, under the control of the cauliflower mosaic virus 35S
promoter (CaMV 35S). When homozygous progenies with stable
high-level expression of the transgene were bioassayed against stalk
rot, improved resistance to this disease was observed (Krishnaveni
et al., 2001). Transgenic cucumber plants overexpressing a rice chi-
tinase also exhibited enhanced resistance to gray mold disease caused
by Botrytis cinerea (Tabei et al., 1998). Transgenic tobacco plants ex-
pressing a baculovirus-derived chitinase had higher levels of resis-
tance to brown spot disease caused by Alternaria alternata (Shi et al.,
2000). Similarly, a fungal chitinase gene from Rhizopus oligosporus
was also shown to have antifungal activity in transgenic tobacco
(Terakawa et al., 1997).



However, there are also studies in which there was no enhanced re-
sistance in transgenic plants overexpressing particular chitinases.
Transgenic tobacco plants overexpressing either a class I tobacco
chitinase or an acidic class III chitinase from sugar beet did not ex-
hibit increased resistance to Cercospora nicotianae (Neuhas et al.,
1991; Nielsen et al., 1993). Similarly, we observed no reduction in
disease symptoms due to Fusarium in transgenic wheat lines over-
expressing a PR-3 class IV chitinase (unpublished data). Thus, chit-
inases may not be effective universally against all chitin-containing
fungi. Many factors, such as the mode of infection by the pathogen,
the nature of the specific chitinases, and their accessibility and loca-
tion of chitin in the cell wall may have contributed to the success or
failure of the attempts to enhance disease resistance.

-1,3-Glucanase

Tobacco plants overexpressing a -1,3-glucanase gene from soy-
bean exhibited enhanced resistance to Alternaria alternata and Phy-
tophthora parasitica var. nicotianae (Yoshikawa et al., 1993). Al-
though -1,3-glucanases appear to be tailored for defense against
fungi, recent findings on mutants deficient for these enzymes gener-
ated with antisense transformation suggested their role in viral patho-
genesis. Antisense -1,3-glucanase transgenic tobacco that had lower
levels of -1,3-glucanase were less susceptible to TMV, suggesting
that the decreased susceptibility to virus resulted from increased
callose deposition in and around the lesions induced by TMV (Beffa
et al., 1996). This also suggests the intriguing possibility that viruses
could exploit the host defense mechanisms against other pathogens,
e.g., fungi, to promote their own replication and spread.

TLP Gene (PR-5)

Transgenic tobacco plants overexpressing a tobacco osmotin gene
did not display enhanced resistance to Phytophthora parasitica, but
transgenic potato plants overexpressing the same osmotin gene were
resistant to P. infestans, which causes late blight of potato (Liu et al.,
1994). Transgenic potato plants overexpressing a native potato osmo-
tin-like protein gene were also resistant to P. infestans (Zhu et al.,



1996). A TLP gene isolated from a rice cDNA library was introduced
into the rice varieties Chinsura Boro II, IR 72, and IR1500 by
protoplast mediated/biolistic transformation. Several independent trans-
formants showed accumulation of the 23 kDa TLP at up to 0.5 per-
cent of the total protein. When these high-expressing lines were chal-
lenged with the sheath blight pathogen (Rhizoctonia solani), disease
symptoms were significantly reduced when compared to nonexpress-
ing/nontransgenic plants (Velazhahan et al., 1998).

Oxalate Oxidase and LTP Genes

The ectopic expression of a cDNA clone for a wheat oxalate oxidase
gene in hybrid poplar leaves increased its resistance to Septoria
musiva (Liang et al., 2001). Transformation of tobacco and Arabi-
dopsis with the gene for barley LTP2 reduced necrotic lesions and de-
creased symptoms due to Pseudomonas syringae (Molina and Garcia-
Olmedo, 1997).

Defensins

The expression of an alfalfa antifungal peptide (alfAFP) defensin
isolated from seeds showed robust resistance to Verticillium dahliae
in transgenic potato under greenhouse and field conditions (Gao
et al., 2000). Similarly, the expression of a defensin gene (WTI) from
Wasabia japonica using a potato virus X vector was demonstrated in
tobacco. The defensin protein (WTI) could be purified from virus-in-
fected transgenic leaves and had strong antifungal activity toward the
phytopathogenic fungi Magnaporthe griseae and Botrytis cinerea,
but reacted weakly against the bacterium Pseudomonas cichorii
(Saitoh et al., 2001).

TRANSGENIC PLANTS WITH COMBINATIONS
OF PR PROTEINS

Tomato plants individually expressing a chitinase/ -1,3-glucanase
did not show any resistance to the Fusarium wilt pathogen, whereas
combined expression of both of the transgenes achieved a higher



level of resistance (Jach et al., 1995; Jongedijk et al., 1995). Tobacco
lines expressing either a rice chitinase or an alfalfa glucanase were
crossed to obtain hybrids containing both transgenes. The progenies
were selfed to obtain homozygous plants which were then tested for
resistance to frog eye spot. Transgenic plants expressing both genes
showed greater resistance to disease when compared to single-gene
controls, suggesting that chitinase and glucanase in combination was
effective against the pathogen (Zhu et al., 1994).

Transgenic tobacco plants expressing a barley ribosome inactivat-
ing protein cDNA, under control of a wound-inducible promoter,
were significantly protected against the soil-borne pathogen R. solani
when compared to nontransgenic controls (Logemann et al., 1991).
Higher levels of resistance to R. solani infection were observed in to-
bacco plants expressing three barley proteins, namely a class II
chitinase, a -1,3-glucanase, and a type I RIP. This observation sup-
ports the synergistic interaction of the PR proteins with other anti-
fungal proteins, leading to enhanced levels of plant protection (Jach
et al., 1995)

There are reports demonstrating the role of PR proteins in defense
against plant pathogens outside the laboratory. These reports are,
however, limited to greenhouse trials, and it would be interesting to
show the feasibility and effect of these genes alone or in combination
with others under field conditions.

Transformation of Wheat with Combinations
of PR-Protein Genes

We have successfully transformed wheat (variety Bobwhite) with
two different plasmids containing a total of four genes (two select-
able markers, a rice chitinase gene chi11, and a rice tlp gene). The
two genes under control of the maize ubiquitin (ubi1) promoter (bar
and tlp-D34 genes) were expressed at high levels even in the T3 gen-
eration, whereas the other two genes (hpt and chi11) under control of
CaMV 35S promoter were completely silenced in T1 and later gener-
ations of all of the 18 independent transgenic events studied (Chen
et al., 1998, 1999). These results suggested that the 35S promoter was
susceptible to gene silencing, while the ubi1 promoter appeared to be
stably inherited and functioned normally. The transgenic wheat plants



with the tlp gene accumulating the transgenic protein at high levels
were tested against the scab fungus Fusarium graminearum and were
found to be significantly less susceptible than control non-transgenic
plants in greenhouse trials (Chen et al., 1999). The control plants
showed infection in 43 percent of the spikes, whereas the transgenic
plants had infection in only 16 percent of the spikes, based on obser-
vations made ten days after inoculation. However, this difference be-
came less significant 14 days after inoculation. Although the rice tlp
gene could delay the progression of scab disease, it could not offer
complete resistance (Chen et al., 1999).

In an effort to identify and characterize candidate PR-protein
genes that might be effective against scab, a scab-inoculated cDNA
library of Sumai-3, a Chinese spring variety with type II resistance,
was screened (Li et al., 2001). Two inducible acidic chitinases (PR-3
class IV and VII) and two different acidic glucanases were identified
from this library. These genes were subsequently placed under the
control of a constitutive promoter, maize ubiquitin promoter-intron
(ubi1), and used for cotransformation of wheat with the selectable
marker bar gene (for herbicide resistance) under the same ubi1 pro-
moter. Twenty-six independent T0 transgenic wheat lines were iden-
tified that were resistant to herbicide and tested positive for the
transgene and the transgene-encoded protein (Anand et al., 2000,
2001). A high cointegration frequency (90 percent) of transgenes was
observed in cotransformation experiments with the two plasmids,
demonstrating the feasibility of cotransformation for obtaining trans-
genic wheat plants, making the use of large cointegrate vectors un-
necessary. We identified five transgenic wheat lines with stable inher-
itance and expression of different combinations of the transgenes in
subsequent generations. One particular line expressing high levels of
class IV chitinase (chi) and a glucanase (glu) gene combination
showed decreased scab (F. graminearum) symptoms when compared
with the nontransgenic control (Anand et al., unpublished data). Most
of the transgene-encoded and endogenous PR proteins were localized
in the apoplastic fluids. The other four lines stably expressing either a
single gene (chi or glu) or a combination of two genes were propa-
gated to the T4 generation. These lines had lower levels of transgene-
encoded proteins and did not show any increased resistance to scab
(unpublished data). We are attempting to determine whether a thresh-



old level or a specific combination of PR proteins is required for ef-
fective resistance to scab.

Transgenic lines of wheat expressing three different antifungal
genes individually (an afp gene from the fungus Aspergillus gigant-
eus, a barley class II chitinase gene and a barley type I RIP gene under
the maize ubiquitin promoter) stably inherited and expressed the
transgenes over four generations. The expression of the fungal afp or
barley seed-specific chitinase gene in wheat resulted in enhanced resis-
tance to powdery mildew and leaf rust, whereas RIP did not confer any
resistance (Oldach et al., 2001). Transient expression of two different
representatives of cereal germinlike proteins (gf-2.8 and TaGLP2a) in
wheat conferred penetration resistance to wheat epidermal cells that
were attacked by Blumeria graminis f. sp. tritici, the powdery mildew
fungus (Schweizer et al., 1999).

The gene-pyramiding approach may prove to be an effective way
of enhancing disease resistance of the wheat germplasm to various
wheat diseases, because different cellular components of the patho-
gen are the targets for PR proteins. In this context, we have already
crossed transgenic lines expressing different combinations of PR-
protein genes. For example, we have advanced lines containing the
tlp/ch/glu genes. The homozygous transgenic wheat lines with all
three genes will be tested in the greenhouse and in the field to evalu-
ate differences in levels of scab resistance.

Gene Silencing in Transgenic Plants

Introduction of transgenes into plants often results in decreased
expression of both the transgene and its resident homologue. Consti-
tutive expression of a vacuolar targeted chimeric class I tobacco
chitinase gene from tobacco in Nicotiana sylvestris under regulation
of the CaMV 35S promoter resulted in higher levels of accumulation
of chitinase in transgenic plants homozygous for the transgene locus.
However, some of the T2 progenies had lower levels of both endoge-
nous and transgene-coded chitinase mRNAs (Hart et al., 1992). Some
direct descendants of homozygous lines had a high-low-high pattern of
expression in subsequent generations. These results suggest that such
silent phenotypes result from stable but potentially reversible inactiva-
tion of genes that cause cosuppression of both the host and transgenes.



De Carvalho and colleagues (1992) observed cosuppression of a -1,3-
glucanase gene in homozygous transgenic plants, whereas in the het-
erozygous plants, the transgene-encoded protein was present at very
high levels when compared to nontransgenic controls. Cosuppression
occurred posttranscriptionally and was developmentally controlled.
This phenomenon was directly correlated with the dose of transgene
in the plant genome.

Our studies on the expression of a rice chitinase gene (chi11) under
control of the CaMV 35S promoter in transgenic rice revealed that all
T3 progeny plants homozygous for the transgene locus were express-
ing the gene constitutively for up to three weeks after germination.
However, 20 percent of these progeny did not show any expression at
detectable levels eight weeks after germination, indicating a silenc-
ing of the transgene had occurred in a proportion of the T3 plants.
There was cosilencing of the selectable marker gene, bar, which was
also under control of the CaMV 35S promoter. The silenced pheno-
type was not reversed in the next generation, indicating a permanent
alteration, even though no obvious alteration in the transgene could
be demonstrated. Northern blot and nuclear run-on transcriptional
analyses revealed that the metabolic block in the silent plants was
transcriptional (Chareonpornwattana et al., 1999). We also noticed
silencing of rice chitinase in a transgenic sorghum line to a similar ex-
tent (Zhu et al., 1998).

Transgenic wheat cobombarded with two different plasmids with a
total of four genes (two selectable markers hpt and bar, a rice chitin-
ase chi11, and a rice tlp gene) were studied to understand the mecha-
nism of silencing. The chi11 gene under the CaMV 35S promoter ex-
pressed the transgene-encoded protein in T0 plants, while the T1
plants did not show any expression of the transgene. The CaMV 35S
promoter was inactivated more rapidly in wheat than in rice. Almost
none of the T1 progeny had detectable levels of chitinase (Chen et al.,
1998, 1999). Even the selectable marker gene (hpt) under the control
of another CaMV 35S promoter was silenced. However, two other
genes in the same transgenic plant and their progenies which were
under the control of the maize ubi1 promoter expressed the trans-
genes (a rice tlp and bar gene) even in the T3 generation (Chen et al.,
1999). It was concluded that the CaMV 35S promoter was not a suit-
able promoter for expression of transgenes in wheat.



Thus, a change in the strategy for wheat transformation using the
maize ubi1 promoter was employed. However, more recent studies in
our laboratory have revealed that a majority of the transgenic wheat
lines (80 percent) with the bar gene and the gene of interest (both
driven by ubi1 promoter intron) were completely silenced in T1/T2
generation, demonstrating that the ubi1 promoter was also suscepti-
ble to random and frequent gene silencing. In an interesting case, two
plants cotransformed with a combination of wheat chi and glu trans-
genes had identical patterns of transgene bands in Southern blot an-
alyses but had totally different patterns of expression of the trans-
genes. One line had stable, high-level expression of both transgenes
at the RNA and protein levels over four generations, while the other
line was completely silenced in the T3 generation and beyond. South-
ern blot analyses of genomic DNA from these lines using the methyl-
ation-sensitive enzymes MspI and HpaII (isoschizomers recognizing
CCGG and its methylated forms) revealed differences in the degree
of methylation of the transgene locus between these lines. We have
attributed transgene methylation as a possible reason for the observed
differences in expression and gene silencing (Anand et al., unpub-
lished data). Independent wheat transgenic lines differing in copy
number for the transgene (3 to 15 copies) were also identified among
24 transgenic lines that we have analyzed and we could not find any
correlation between transgene expression level and copy number. It
appears that gene silencing in wheat was more a random phenome-
non that was not dependent on the copy number, the choice of pro-
moter, or the site of integration.

CONCLUSIONS

The wide distribution of pathogen-inducible genes in the plant
kingdom suggests that the proteins encoded by these genes contribute
significantly to the resistance of plants against parasitic attack. When
pathogens invade host tissues, these genes are rapidly activated and a
number of specific PR proteins are synthesized. Many of these pro-
teins have antifungal and antibacterial or insecticidal activity. Among
the PR proteins, chitinases and glucanases are the most commonly
studied because of their strong known in vitro antifungal activity and



known cell wall–associated targets. Apart from their antifungal activ-
ity, chitinases and glucanases are also believed to be involved in some
other plant functions. PR proteins might also be involved in pathogen
recognition processes, by binding to pathogen cell wall components
and/or by generating signal molecules from pathogens. Certain PR
proteins are involved in stress tolerance and may play a role in plant
morphogenesis. Most PR proteins are synthesized on polysomes that
are membrane bound, and once synthesized, they are secreted into the
apoplast and/or vacuoles. The specific targeting domains or transport
competence determines the specificity of the site of accumulation.
The acidic forms of PR proteins predominantly accumulate in the
apoplast, while basic ones accumulate in the vacuoles of host cells,
although there are notable exceptions to this rule. Among the PR pro-
teins, basic ones have been shown to have strong antifungal activity.
The acidic PR proteins are likely to be involved in signal generation.
Various signal molecules produced by pathogenic or nonpathogenic
organisms or derived from plant-pathogen interactions can induce
PR-protein genes. In addition, a variety of chemical signal mole-
cules, such as SA, JA, ethylene, and -amino n-butanoic acid can in-
duce PR-protein genes. Although PR proteins are likely to be directly
and indirectly involved during the infection process, pathogens have
coevolved and may have developed mechanisms that can protect
them from the effects of some of these PR proteins. This is one of the
criteria that should be considered when expressing any PR-protein
gene in plants to improve disease resistance.

During the past decade, many researchers have overexpressed var-
ious PR-protein genes in plants and studied their function and contri-
bution to disease resistance. Although there are abundant reports on
the successful expression of PR proteins in plants and improved re-
sistance to pathogens under controlled conditions, the paucity of field
data with regard to sustainable levels of resistance to diseases over
many generations has cast some doubt about the utility of these
genes. It is likely that in nature, where plants are exposed to different
pathogens and insects within the same generation and over several
generations, a broad-spectrum resistance is more valuable than total
resistance to one pathogen (typified by the gene-for-gene interaction
involving avr/R gene interactions). The strategy involving multiple
PR proteins may not be completely effective against a single race of



the pathogen but will be useful in achieving broad-spectrum resis-
tance and in slowing down the development of resistant races of the
pathogens and pests.

Additional research aimed at understanding the biochemical basis of
antimicrobial and insecticidal activity of these PR proteins in plant de-
fense is needed. For instance, except for a few groups such as PR-2, PR-
3, and PR-6, the precise biochemical role of several of the PR proteins is
either not known or incompletely understood. Even though PR-1 is the
predominant PR protein that accumulates to a level of 1 to 2 percent
of total proteins in infected plants, little is known about the exact
function of this protein. The utility of these PR-protein genes will be
fully realized only when we understand the targets and modes of ac-
tion of ubiquitous PR proteins.
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INTRODUCTION

It is commonly known that plants are resistant to the majority of
pathogens found in the environment (Lucas, 1998). This suggests
that all plants have the mechanisms necessary to effectively defend
themselves against infection and that susceptibility may be the result
of a failure of a plant to activate its defenses after infection or the abil-
ity of the pathogen to suppress or nullify the defenses. The fact that
certain types of infections or chemical treatments can induce resis-
tance in susceptible plants to pathogens is, therefore, not surprising
because the capacity to resist infection is apparently universal in all
plants.

In this chapter, the phenomenon of induced disease resistance to
fungal pathogens will be discussed. Induced resistance is the phe-
nomenon in which prior treatment changes the biochemistry or phys-
iology of the plant in such a way that it is able to effectively resist in-
fection by a wide range of pathogens (Hammerschmidt, 1999a). One
of the hallmarks of induced resistance is the nonspecific nature of the
resistance: once induced, the plant is often able to resist infection by
multiple species of fungi, as well as other microbial pathogens. An-
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other characteristic is the lag time needed between the induction of
treatment and expression of resistance. This time is needed to allow
the development of the resistant state. The induced resistance is also
often systemic in nature and can protect most, if not all, plant parts
from infection. Figure 6.1 shows a generalized model of biologically
induced resistance. In brief, treatment of a plant part (in this case
a leaf) with a biological inducing agent results in the generation of a

Expression of Resistance in
Response to Primary and
Secondary Signals

Transport of
Primary Signal

Inducing Treatment and
Site of Primary Signal Formation

FIGURE 6.1. A general diagrammatic model of systemic induced/acquired resis-
tance. An inducing pathogen is applied to the first true leaf, and its interaction
with the plant generates a systemically translocated primary signal. This primary
signal then induces a secondary signal that elicits the resistant state. Figure pre-
pared by R. Cifaldi.



primary signal that is transported throughout the plant. This signal
then has the capacity to induce other signals throughout the plant that
are responsible for the activation of genes involved in the expression
of induced resistance. This model also accommodates inducing agents
that are abiotic but which also act through the induction of resistance-
inducing signal models. Because of its broad spectrum and systemic
nature, induced resistance has received attention as a potential dis-
ease-control measure. Induced-resistance model systems, such as cu-
cumber, tobacco, and Arabidopsis (Hammerschmidt and Dann, 1997;
Hammerschmidt, 1999a; Métraux et al., 2002; Sticher et al., 1997;
Van Loon et al., 1998), have also provided systems to study the gen-
eration of systemic signals that control resistance, genes that regulate
the expression of resistance, and genes that may be involved in plant
defense. Thus, the phenomenon of induced resistance has become a
valuable area of study and, as will be discussed later, a potential dis-
ease-management tool.

BACKGROUND

The phenomenon of induced resistance has been known since the
early twentieth century. By 1933, enough evidence for the phenome-
non had accumulated to allow the first comprehensive review of this
topic by Chester (1933). This review was prophetic in that he sug-
gested that induced resistance could be of practical importance and
an area for fundamental studies on plant resistance.

Induced resistance can be either localized to the site of the induc-
ing treatment or spread systemically throughout the plant. In 1940,
Müller and Borger (reviewed in Hammerschmidt, 1999b) demon-
strated that potato tuber tissue previously inoculated with an incom-
patible isolate of Phytophthora infestans would resist a subsequent
infection, at the same site, by a virulent race of P. infestans or a tuber-
infecting Fusarium species. Although these results were used by
Müller and Borger in the development of the phytoalexin hypothesis,
the study also clearly showed that resistance to pathogens can be in-
duced in tissues that are susceptible to that pathogen. Twenty years
later, Ross (1961) demonstrated that infection of N gene-containing
tobacco with tobacco mosaic virus (TMV) would result in a systemic



induction of resistance to subsequent inoculations with this virus.
Later research showed that the systemic resistance induced by TMV
was also effective against fungi and oomycetes (Hammerschmidt and
Dann, 1997; Sticher et al., 1997).

In the 1970s, research by Kuc and colleagues began to build the
framework for studies on induced resistance to disease and especially
to fungal pathogens. They demonstrated that systemic resistance
could be induced in cucumber plants by and against several different
fungal pathogens (Kuc, 1982). His group repeatedly found that only
those pathogens that caused a localized necrotic lesion would induce
resistance and that the resistance was nonspecific (i.e., effective
against several different pathogens). The successful cucumber re-
search was built upon earlier work with green bean by his group
(Kuc, 1982) and provided the groundwork for developing tobacco
and Arabidopsis as model systems for induced resistance.

The type of induced resistance described has become commonly
known as systemic acquired resistance (SAR). This type of induced
resistance has specific characteristics, such as a need for a necrotic le-
sion produced by a pathogen as the inducing agent, systemic expres-
sion of pathogenisis-related (PR) protein genes, and involvement of
salicylic acid as part of the signaling process (Hammerschmidt,
1999a). Over the past few years, it has been demonstrated that there
are other forms of induced resistance. One of these is known as in-
duced systemic resistance (ISR) (Van Loon et al., 1998; Pieterse
et al., 2001). This type of induced resistance differs from SAR in that
it is induced by certain rhizobacteria that do not cause a necrotic lesion
and the resistance induction is not associated with PR protein accumu-
lation. ISR also depends upon a perception of ethylene and jasmonic acid
rather than salicylic acid as signals for resistance expression.

MECHANISMS OF INDUCED RESISTANCE
TO FUNGAL PATHOGENS

Genetic Regulation

At least two forms of systemic induced resistance have been re-
vealed by genetic and biochemical analysis: SAR and ISR. Much of
this research has been carried out with Arabidopsis in which ease of



genetic manipulation has allowed for rapid progress. Many excellent
recent reviews provide an entry point into the rapidly growing re-
search into the genetic regulation of induced resistance (e.g., Métraux
et al., 2002) and thus this section will cover only the major points.

In SAR, an initial necrotic lesion results in the generation of a sig-
nal in the initially infected plant part. This signal is then translocated
through the plant, may generate secondary signals, and results in the
expression of pathogenesis-related protein genes and broad-spec-
trum resistance (Figure 6.1) (Sticher et al., 1997; Hammerschmidt,
1999a; Métraux et al., 2002).

One of the signals that the SAR response requires is salicylic acid
(Figure 6.2; Métraux and Nawrath, 2002). Although some data sug-
gest that salicylic acid is induced by another primary signal and is not
the mobile signal, evidence that salicylic acid may be a primary sig-
nal also exists (see Métraux, 2002, for a brief review). However, ex-
periments with tobacco and Arabidopsis transformed with nahG, a
gene that codes for an enzyme that converts salicylic acid to catechol,
have very clearly demonstrated the essential role of salicylic acid in
SAR, even if its position in systemic signaling is still not clear
(Gaffney et al., 1993; Delaney et al., 1994).

The use of Arabidopsis mutants has shed considerable light on the
genetic regulation of SAR (Glazebrook, 2001), and a brief overview
of the pathway from pathogen-induced necrosis to expression of re-
sistance is shown in Figure 6.3. Genes such as EDS1 (enhanced dis-
ease susceptibility) appear to be involved in the regulation of SAR,
while further downstream, EDS5/SID1 (salicylic acid induction defi-
cient) and SID2 appear to be more directly involved in salicylic acid
biosynthesis or accumulation (reviewed in Métraux, 2002). NPR1/NIM1
(no PR-1 expression; noninducible immunity) is required for regula-

FIGURE 6.2. Three naturally occurring disease resistance signal molecules



tion of SAR events downstream of salicylic acid and is needed for the
expression of resistance and PR-protein gene expression (Cao et al.,
1997; Ryals et al., 1997). The NPR1/NIM1 protein is thought to acti-
vate expression of PR genes by interacting with basic leucine zipper
transcription factors that, in turn, bind those sequences required for
PR-1 gene induction by salicylic acid (Zhang et al., 1999).

Although salicylic acid is now well established as a key signal
molecule in the regulation of SAR, the nature of its biosynthesis is
not totally clear. For several years, evidence had been presented that
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FIGURE 6.3. Signal pathways for ISR (induced systemic resistance) and SAR
(systemic acquired resistance) (Source: Modified from Métraux, 2002, and Van
Loon et al., 1998).



salicylic acid was a product of the phenylpropanoid pathway and thus
shared common phenolic compound intermediates such as cinnamic
acid (Métraux, 2002; Figure 6.4). However, it has recently been
shown that SID2, which was known to be involved in the accumula-
tion of salicylic acid based on mutational and genetic mapping analy-
ses, codes for a key enzyme in the biosynthesis of this phenolic acid.
What was surprising about this result is that SID2 appears to code for
an isochorismate synthase (ICS) and not an enzyme in the phenyl-
propanoid pathway (Wildermuth et al., 2001). ICS converts the
shikimic acid pathway intermediate chorismic acid into isochorismic
acid which, in turn, can then be converted into salicylic acid (Figure
6.4). Interestingly, this is the route that prokaryotes use in the synthe-
sis of salicylic acid, but the fact that many plants produce gallic acid
(trihydroxybenzoic acid) directly from shikimic acid pathway inter-

FIGURE 6.4. Biosynthesis of salicylic acid from a common shikimic acid path-
way intermediate, chorismic acid: (A) phenylalanine ammonia lyase; (B) benzoic
acid 4-hydroxylase; (C) isochorsimate synthase (Source: Modified from Métraux,
2002, and Wildermuth et al., 2001).



mediates does show that this type of pathway is not atypical for plants
(Haslam, 1983).

ISR is induced by certain soilborne, plant-growth-promoting rhizo-
sphere (PGPR) bacteria (Van Loon et al., 1998; Pieterse et al., 2001).
Based on studies in Arabidopsis, this type of induced resistance dif-
fers from SAR in that no necrotic host response is needed to trigger
the phenomenon; the pathway that leads to the expression of ISR is
dependent on the ability to respond to ethylene and jasmonic acid
(Pieterse et al., 1998, 2000, 2001) (Figure 6.2) (and not salicylic
acid), and PR protein genes are not expressed (Pieterse et al., 1998;
Van Loon et al., 1998). A proposed signaling pathway for ISR is
shown in Figure 6.3. Interestingly, and perhaps not too surprisingly,
ISR and SAR are effective against a slightly different range of patho-
gens (Ton et al., 2002). In these experiments, they found that SAR
(induced by INA) in Arabidopsis (Columbia ecotype) was more ef-
fective against Peronospora parasitica than ISR induced by P. fluorescens
WCS417r. These differences were observed for both the number of
infected leaves and the amount of sporulation on the leaves. It is,
however, of interest to note that none of the inducer treatments elimi-
nated sporulation. On the contrary, P. fluorescens WCS417r induced
resistance to the more necrotrophic fungus Alternaria brassicicola,
in the A. brassicicola–susceptible pad-3 mutant of the Columbia eco-
type of Arabidopsis, whereas inoculation with the SAR inducer Pseu-
domonas syringae pv. tomato did not protect the plants. In support of
this differential response, methyl jasmonate, but not INA, protected
the plants against A. brassicicola. Thus, it is possible that the two
forms of induced resistance may not be compatible or have signaling
pathways that interfere with each other. However, if SAR and ISR are
induced simultaneously, the resistance is additive and there appears
to be no negative influence of one type of resistance on the other (Van
Wees et al., 2000; Pieterse et al., 2001).

Postinduction/Prechallenge Defenses

As a result of resistance induction, it is logical to assume that genes
involved in the enhanced state of resistance have been induced or are
expressed to a greater extent. In the case of the SAR form of induced
resistance, this is clearly shown by the local and systemic expression
of PR genes and accumulation of PR proteins (Van Loon, 1997; Ham-



merschmidt, 1999a). The very fact that many of these proteins have
been shown to have antifungal activity or can degrade fungal cell
walls in vitro suggests that the PR proteins may play a role in defense
(Van Loon, 1997). In addition, the location of the acidic PR proteins
in the apoplast indicates that the invading fungal hyphae will come
into direct contact with these putative defense proteins (Van Loon,
1997). However, little direct evidence indicates that the presence of
these proteins contributes directly to the induced resistance pheno-
type, although it is known that overexpression of certain PR-protein
genes can enhance fungal disease resistance in some, but not all,
cases (Punja, 2001).

Although it is now well known that the induction of SAR results in
the systemic accumulation of salicylic acid (Métraux, 2002), little
else has been reported on systemic changes in other secondary me-
tabolites that may be involved in resistance. The potential role for de-
fensive secondary metabolites accumulating systemically throughout
plant tissues is known for resistance to insect herbivores (Hammer-
schmidt and Schultz, 1996), and thus it seems likely that this may
also be true for systemic resistance to pathogens.

Recently, Prats and colleagues (2002) reported that prior treatment
of sunflower plants with the resistance activator acibenzolar-S-methyl
(ASM) induced resistance to Puccinia helianthi and also resulted in
elevated levels of antifungal coumarins on the leaf surface. Cytologi-
cal studies showed that induced plants supported lower uredospore
germination and appressorium formation rates, suggesting that the
coumarins were acting to reduce preinfection events. Examining
other plants for acibenzolar-S-methyl–induced changes in secondary
metabolites, as well as PR proteins, may be worth pursuing.

Other materials that have been shown to induce resistance may
also act by increasing the content of antifungal compounds in the
plant. For example, treatment of soybean plants with the diphenyl
ether herbicide lactofen resulted in the accumulation of the phyto-
alexin glyceollin and increased resistance to Sclerotinia sclerotiorum
(Dann et al., 1999). The herbicide may be triggering the resistance re-
sponse through the accumulation of protoporphyrins which generate
active oxygen species in the light (Hammerschmidt and Dann, 1999).

Treatment of cucumber plants with soluble silicon or an extract of
the giant knotweed (Reynoutria sachalinensis), or with plant-growth-



promoting rhizobacteria, induced resistance to powdery mildew on
foliage or Pythium on roots, respectively (Daayf et al., 1997; Fawe
et al., 1998; Ongena et al., 2000). In all three cases, the inducing treat-
ments resulted in the accumulation of glycosides of antifungal phe-
nolic compounds (both simple hydroxycinnamic acids and a flavo-
nol). Although the aglycones released by acid hydrolysis of the
glycosides were more antifungal than the parent compounds, it is
possible that the enhanced glycosides served as a stored source of de-
fensive compounds that were released by glycosidases after the host
was infected, and this would be similar to the release of cyanide or
isothiocyanates from cyanogenic glycosides or glucosinolates, re-
spectively, after damage to plant cells caused by insects (Renwick,
1997). Enhanced hydrolases (glucanase and chitinase) have been re-
ported in pea plants in relation to silicon-induced resistance to fungi
(Dann and Muir, 2002), and it would be of interest to see if the afore-
mentioned inducing treatments also induced an increase in glyco-
sidases capable of releasing toxic phenolic compounds.

Postchallenge Induction of Defenses

In 1982, Hammerschmidt and Kuc reported that cucumber plants
expressing systemic induced resistance to Colletotrichum orbiculare
and Cladosporium cucumerinum deposted lignin more readily at the
point of fungal infection into induced plants when compared to the
control. Other examples of defenses (e.g., phytoalexins, cell wall al-
terations, hypersensitivity) have also been observed in induced plants
following inoculation with fungal pathogens (Hammerschmidt, 1999b).
The examples cited are SAR-type induced resistance, but an in-
creased capacity to synthesize phytoalexins in plants expressing ISR
is also known. Van Peer and colleagues (1991) demonstrated that
Pseudomonas strain WCS417r, a rhizobacterium, protected carna-
tion against Fusarium, and this protection was associated with accu-
mulation of phytoalexins after attempted infection by the pathogen.
These reports suggested that the induction treatment had, in some
way, prepared noninfected tissue to respond more quickly to subse-
quent challenge infections.

The enhanced ability to express defenses after challenge is now
generally known as priming, and other good examples of this are



available in the literature (Conrath et al., 2002). Although the molec-
ular basis for priming has not been established, a requirement for
NPR1/NIM1 has been shown (Kohler et al., 2002). Treatment of
Arabidopsis npr1/nim1 mutants with acibenzolar-S-methyl (ASM)
did not condition the plants to rapidly express the phenylalanine am-
monia lyase (PAL) gene after inoculation or to more rapidly deposit
callose after gentle wounding. Thus, understanding how (or if) the
NPR1/NIM1 protein interacts with defense processes other than PR
gene expression may be key to determining how the primed state be-
comes established.

A report by Latunde-Dada and Lucas (2001) further supports a role
for priming in the expression of defenses after challenge inoculations.
ASM-induced resistance in cowpea to Colletotrichum destructivum
was shown to be associated with several postchallenge biochemical
changes. Inoculation of induced plants with C. destructivum resulted
in the expression of a hypersensitive-like response in the invaded host
cell and failure of the pathogen to develop out of the initially infected
cell. The accumulation of the phytoalexin phaseollidin occurred
much more rapidly and to a greater concentration after fungal chal-
lenge in induced tissues compared to the controls. The activity of
phenylalanine ammonia lyase and chalcone isomerase, two enzymes
involved in synthesis of the phytoalexin, also increased after infec-
tion and, as would be expected, prior to the accumulation of phase-
ollidin.

Taking a different approach, Stadnik and Buchenauer (2000) showed
that inhibiting the enzyme phenylalanine ammonia lyase suppressed
ASM-induced resistance to Blumeria graminis f. sp. tritici in wheat.
Treating induced leaf tissues with the PAL inhibitor -amino- -
phenylpropionic acid (AOPP) reduced autofluorescence associated
with failed penetration sites and decreased the level of induced resis-
tance. AOPP treatment also reduced accumulation of wall-esterified
p-coumaric and ferulic acids. Treatment with an inhibitor of cinna-
myl alcohol dehydrogenase, an enzyme involved in lignin biosynth-
esis, did not reduce the level of induced resistance.

We have recently observed that cycloheximide suppresses induced re-
sistance in cucumber leaves to C. orbiculare (Velasquez and Hammer-
schmidt, unpublished data). The cycloheximide-treated induced plants
allowed greater penetration of the pathogen into the tissue than did



induced plants not treated with the protein synthesis inhibitor, sug-
gesting that new protein synthesis was needed after challenge to
block fungal penetration. The activity of chitinase in the induced leaf
tissues remained high after challenge, even in the presence of cyclo-
heximide. Interestingly, the rate of hyphal growth in the induced tis-
sue in the presence or absence of cycloheximide was similar, suggest-
ing that chitinase alone was not sufficient to stop fungal development.
This further indicates a need for additional defenses to be activated
after challenge.

Why Are Induced Plants More Resistant to Fungi?

The previous two sections briefly described some of the putative
plant defense responses associated with induced resistance to fungi.
However, two questions are still unanswered: How do the induced
plants stop development of the fungi and, in the case where post-
challenge defenses are induced, how does the induced plant recog-
nize the presence of the pathogen? The first question was addressed
in a recent review (Hammerschmidt, 1999b), and the second question
remains largely unanswered. However, research tools in the form of
antisense expression or sense suppression of key defense genes, or
the use of fungi that are tolerant of defenses such as phytoalexins,
may begin to provide these answers for induced resistance and other
forms of active defenses as has been used in the study of phytoalexins
(Hammerschmidt, 1999b). Certainly, the lessons learned from exam-
ining plants that are overexpressing PR genes (Punja, 2001) suggest
that these proteins are only part of the defenses that account for the
induced resistance phenotype. The second question, however, may be
intriguing because the formerly susceptible plant appears to now rec-
ognize the fungal pathogen and mounts a rapid response. Where ex-
amined, induced plant cells respond actively to attempted infection
by fungi, but it is not at all known why or how this occurs or how the
plant recognizes the pathogen. The observation that induced plant
cells are more responsive to fungal elicitors may provide one expla-
nation (Katz et al., 1998; Krauss et al., 1993).

Because induced resistance to fungi is not specific to any one spe-
cies, the detection of these fungal invaders by enhanced responsive-
ness to elicitors may help account for the rapid deployment of addi-



tional defenses. In the case of SAR, the induction phase results in the
systemic expression of PR proteins, such as chitinases and glu-
canases, that accumulate in the apoplast (Van Loon, 1997). Because
the enzymes are in the apoplast, they should come into contact with
the invading hyphae and release cell wall oligomers that can act as
elicitors (Lawrence et al., 2000) which could then trigger an active
defense response in the already primed tissues. Receptors for fungal
cell wall elicitors have been identified (Cote et al., 2000), and the re-
lation of these to resistance expression could be worth exploring.

The release of elicitors from hyphae by hydrolytic PR proteins is
one possible way that a plant may recognize the presence of a patho-
gen. However, since not all forms of induced resistance are associ-
ated with PR proteins, this cannot be the only mechanism of recogni-
tion. Treatment of rice with resistance-inducing compounds has been
shown to induce the expression of a gene, RPR1 (Sakamoto et al.,
1999). This gene is similar to several known R genes in that the pro-
tein it codes for has a nucleotide binding site and leucine-rich repeats.
Although it is only pure speculation, this result suggests that perhaps
genes that have similar properties to R genes may be involved in rec-
ognition of pathogens by induced plants and thus allow for the ex-
pression of genes involved in defense.

THE APPLICATION OF INDUCED RESISTANCE

The broad-spectrum nature of induced resistance to fungal patho-
gens makes this type of resistance a potentially useful approach to
disease management. Early field research by Kuc and colleagues
(Kuc, 1982) demonstrated that field-grown cucumber plants could be
protected against infection by C. orbiculare by a prior localized in-
fection by the same pathogen. Although the approach worked, the
need to individually inoculate plants makes any practical application
of this method highly impractical for modern production agriculture.
For induced resistance to have practical application, the delivery of
inducing agents must be compatible with current agricultural prac-
tices, be easy to apply, and be reliable. In this section, a few selected
resistance-inducing agents and their uses for fungal disease control
will be discussed.



The practical application of induced resistance to crop protection re-
quires that some type of product (biotic or abiotic) be used that can be
easily applied to the plant and is also easily integrated into standard
disease management protocols. In 1994, Kessmann and colleagues de-
veloped a set of criteria to determine whether a material is an inducer
or activator of resistance. Although the characterization of ISR and
SAR has shown that there are likely multiple forms of induced resis-
tance, the strict criteria of Kessmann and colleagues (1994) may not be
universally applicable (they based their criteria on the SAR type of in-
duced resistance). It is important that any product or material being de-
veloped as a resistance activator must act via enhancing plant resis-
tance and not as an antimicrobial compound. In this section, a few
types of materials that are known to induce disease resistance will be
discussed.

Salicylic Acid and Its Functional Analogs

Ever since White (1979) found that treatment of tobacco plants
with salicylic acid or aspirin would induce disease resistance, it was
clear that the external application of a chemical could be used to pro-
tect plants by enhancing disease resistance. Based on the principles
of induced disease resistance and what properties a resistance activa-
tor should have, the first synthetic resistance inducers were devel-
oped (Tally et al., 1999). The first of these, 2,6-dichloroisonicotinic
acid (Figure 6.5), was capable of inducing resistance in a number of
crops against a fairly wide range of pathogens and had characteristics
that suggested it functioned as an analog of salicylic acid (Kessmann
et al., 1994). Another functional analog of salicylic acid, ASM (Fig-
ure 6.5), has been developed into a commercial product (Actigard or
Boost) that is registered on several crops (Tally et al., 1999). ASM
has been shown to be effective as a foliar spray (Oostendorp et al.,
2001; Tally et al., 1999), as well as a seed treatment (Jensen et al.,
1998). Both INA and ASM reduced the severity of Sclerotinia stem
rot on soybean under field conditions (Dann et al., 1998). However,
even though the severity of disease was often significantly reduced
and the reduction was seen in several cultivars that differed in resis-
tance to this pathogen, the need for multiple applications and a failure
to realize increased yields along with disease suppression suggest
that this type of activator may not be suitable for all plant-patho-



systems. Because there is a lag time between when ASM is applied to
plants and when resistance is expressed (something common to all
forms of induced resistance), the application of ASM must be made
prior to an infection event and/or applied in a formulation with a
protectant fungicide (Oostendorp et al., 2001).

Nonprotein Amino Acids

Over the past ten years, research by Cohen and others has shown
-amino-butyric acid (BABA) (Figure 6.5) to be an effective inducer

of disease resistance against fungal pathogens in several crop species

FIGURE 6.5. Synthetic disease resistance inducing/activating compounds



and it is being intensively investigated (see review by Cohen, 2002).
Although some debate surrounds how BABA can induce resistance
(Cohen, 2002), it is clear from Cohen’s exhaustive review of the liter-
ature that this material does induce PR protein accumulation in some
plant species and conditions many plant species to respond more
quickly to attempted infection. For example, pepper stems pretreated
with BABA accumulated chitinase and glucanse, and the treated
plant tissues were primed to more rapidly produce phytoalexins after
inoculation with Phytophthora capsici as compared to controls
(Hwang et al., 1997). Both field and greenhouse trials have shown
that BABA has potential as a crop protection material that can be ap-
plied as a foliar spray, seed treatment, or soil drench and can also be
applied via drip irrigation (see Cohen, 2002).

Organic and Inorganic Naturally Occurring Compounds

Oxalic acid and sodium phosphates have been shown to reduce
disease severity (Oostendorp et al., 2001; Pajot et al., 2001). Silicon
oxides have also been reported to enhance disease resistance in cu-
cumber to powdery mildew (Fawe et al., 1998) and in pea plants to
Mycosphaerella pinodes (Dann and Muir, 2002).

Fungicides

Some reports in the literature suggest that the mode of action of
certain fungicides is through the induction of resistance in the plant
(Oostendorp et al., 2001). However, only limited information that
suggests fungicides directly act as activators of resistance. The fungi-
cide probenazole (Figure 6.5) has true fungicidal properties (cited in
Oostendorp et al., 2001) but has also been recently found to act di-
rectly and through a metabolite [1,2-benzisothiazol-3 (2H)-one-1,1-
dioxide or BIT, Figure 6.5] to be an inducer of resistance (Yoshioka et
al., 2001). Treatment of Arabidopsis with probenazole or BIT in-
duced resistance to Peronospora parasitica as well as induced the ac-
cumulation of salicylic acid and PR proteins. The induced resistance
appeared to follow a SAR type of pathway, and both salicylic acid
and NPR1 were shown to be required.

Certain fungicides, however, may indirectly activate certain as-
pects of host plant defenses. Ward and colleagues published several



papers indicating that prior treatment of soybean seedlings with
metalaxyl resulted in the expression of a resistance-like response af-
ter inoculation with a compatible isolate of Phytophthora sojae
(Ward, 1984). Associated with this response was the accumulation of
the phytoalexin glyceollin (Ward, 1984). Although the accumulation
of glyceollin was not sufficient to account for the failure of the patho-
gen to colonize the tissue, the necrotic lesion response and phyto-
alexin induction indicated that a localized defense response was in-
duced. The major role that metalaxyl played in protecting the plants
from virulent isolates was demonstrated by the failure of metalaxyl-
treated plants to resist or accumulate glyceollin when inoculated with
metalaxyl-resistant isolates of the pathogen.

The failure of the metalaxyl-resistant isolates to elicit a defense re-
sponse in metalaxyl-treated tissue may be due to the lack of elicitor
release by these isolates. Treatment of metalaxyl-sensitive isolates of
Phytophthora with metalaxyl resulted in the release of glyceollin
elicitors, while resistant strains did not release elicitors (Cahill and
Ward, 1989). Thus, it is possible that when metalaxyl-treated soy-
bean seedlings were infected with virulent, metalaxyl-sensitive iso-
lates of the pathogen, the metalaxyl had direct antifungal activity on
the pathogen that stopped the infection, but the stressed or dying
pathogen then released elicitors that induced the localized resistance
response.

Protection of Arabidopsis plants against Peronospora parastica
with several different fungicides (CuOH, metalaxyl, and fosetyl-Al)
was not as effective in plants expressing nahG as compared to wild
type (Molina et al., 1998). The authors suggested that a normal host
defense signaling pathway must be functioning to allow full action of
these fungicides. Although the manner in which the fungicides inter-
acted in this case was not elucidated, the data are in line with the con-
clusions of Ward and colleagues that certain fungicides may act in
concert with host defenses via an indirect mode of action.

Taken together, these results suggest that most fungicides do not
directly induce resistance, but that their action on the pathogen may
enhance localized resistance via release of elicitors. To fully test the
role of fungicides as inducers, it is important to test for plant resis-
tance with isolates of the pathogen that are resistant to the fungicide
and to any antifungal metabolites of the compound that may be pres-



ent in the plant to determine if the plants are less diseased when in-
fected with a resistant isolate in combination with the fungicide as
compared to a non-fungicide-treated control. The value of using re-
sistant isolates in examining the role of fungicides as inducers of re-
sistance was clearly illustrated in the soybean research in which iso-
lates of Phytophthora that were metalaxyl-resistant parasitized tissues
that were treated or untreated with metalaxyl with comparable viru-
lence. Because the presence of the pathogen in the fungicide-treated
plants does elicit localized defense responses and necrosis, it is possi-
ble that the fungicide-mediated host response may trigger a SAR re-
sponse.

Herbicides

Another group of common agrochemicals, the herbicides, have
also been reported to enhance or induce disease resistance. Dann and
colleagues (1999) found that field or greenhouse treatment of soy-
bean with the diphenylether herbicide lactofen reduced the severity
of Sclerotinia stem rot and, when disease pressures were high, some-
times resulted in an increase in yield. The herbicidal effect of lactofen
is based on its ability to block protoporphynogen oxidase, and this re-
sults in the accumulation of protoporphoryn which, in the presence of
light, produces activated oxygen species (Hammerschmidt and Dann,
1997). This ability to produce activated oxygen may be related to the
observation that lactofen induced the accumulation of the phyto-
alexin glyceollin. Thus, some of the protective effects of lactofen
may be due to its abilility to induce phytoalexin synthesis.

Biological Inducers

Certain plant-growth-promoting rhizobacteria have been shown to
be effective inducers of resistance in plants such as cucumber, to-
bacco, and Arabidopsis (Van Loon et al., 1998; Zhender et al., 2001).
Where studied in detail, the type of resistance induced by PGPR has
often been shown to be of the ISR type (Van Loon et al., 1998). Be-
cause the PGPR can be applied directly to the soil (Van Loon et al,
1998) or used as a seed treatment (Zhender et al., 2001), the use of
PGPR as crop protection tools seems very possible.



Combining Resistance Inducers with Traditional
Chemical Controls

A clear message that comes from reviewing over 100 papers on in-
duced disease resistance is that in only a few cases (if any) can in-
duced resistance provide complete control of a pathogen. Although
this statement can be made for many other control measures, the fact
remains that induced resistance will likely not be a stand-alone dis-
ease-management tool. For example, in the cucumber induced-resis-
tance systems, the resistance to Colletotrichum orbiculare was based on
a reduction of successful penetrations by the pathogen (Hammerschmidt
and Kuc, 1982). Induced resistance also requires time to develop, and
it generally cannot cure established infections. Thus, the plant can be
vulnerable to infection between the time that the plant activator or in-
ducer is applied and when induced resistance becomes established.
Finally, we have found that, in cucumber, not all cultivars respond
equally to induction by the activator ASM (Velasquez, DaRocha, and
Hammerschmidt, unpublished), and thus the plant genotype itself
may dictate how effective induced resistance will be. One solution to
this is to combine the use of plant resistance activators with standard
fungicides to protect the plant during the induction phase. Oosten-
dorp and colleagues (2001) presented data which showed that disease
control exhibited by fungicides can be enhanced by activators such as
ASM, and vice versa. Cohen (2002) reported that BABA could en-
hance the efficacy of fungicides even when BABA alone was inac-
tive. When considered in light of the previous discussion on fungi-
cides as direct or indirect inducers of resistance, these results are not
surprising and indicate that more research to evaluate the combined
effects of plant resistance activators or inducers and fungicides has
merit.

Pathogen resistance is a problem that faces the future use of many
fungicides, and it is possible that the use of plant activators may help
reduce this risk. Treatment of apple seedlings with INA resulted in
induced resistance to the apple scab fungus, Venturia inaequalis
(Ortega et al., 1998). A dose-response study of the fungicide flusi-
lazole in induced apple seedlings revealed a synergistic effect between
the fungicide and INA. The authors hypothesized that using plant acti-
vators could reduce the number of applications or concentrations of
fungicides used and thus reduce the risk of developing fungicide resis-



tance. A synergistic effect between ASM and three different fungi-
cides (metalaxyl, fosetyl-Al, and CuOH) was also demonstrated in
the protection of Arabidopsis against P. parasitica (Friedrich et al.,
2001). Thus, it may not be unreasonable to hypothesize that in
induced plants treated with fungicides, more elicitors may be re-
leased from fungicide-weakened fungi by chitinases and glucanases,
and this may act to further stimulate induced resistance defenses that
are already primed for expression.

TRANSGENIC PLANTS
AND INDUCED RESISTANCE TO FUNGI

Plant transformation methods have provided tools to study the na-
ture of induced resistance as well as to provide potential applications
of knowledge learned through basic studies of induced resistance.
The use of PR genes in the transformation of plants to enhance resis-
tance to fungi was one of the first uses of transgenic plants in the
study and application of induced resistance. For example, transfor-
mation of tobacco with the PR1-gene (Alexander et al., 1993) re-
sulted in plants that had decreased susceptibility to Peronospora
tabacina. In most cases where PR genes or other genes associated
with induced resistance (PR genes, peroxidases, etc.) have been used
to generate transgenic plants, the effect on fungal pathogens has been
similar to that just described: either a small reduction in disease or no
effect (Punja, 2001). However, because in most cases we do not know
the in planta role of these genes and because plant resistance is based
on multiple defenses, these reports may indicate the level of partici-
pation that these genes have in defense.

As previously discussed, transformation of tobacco and Arabi-
dopsis with nahG, a bacterial gene that codes for a salicylate hydrox-
ylase, was instrumental in determining the important role of salicylic
acid in SAR by converting salicylate to an inactive metabolite (Gaff-
ney et al., 1993; Delaney et al., 1994). Thus, if eliminating salicylic
acid by transformation can eliminate SAR, it seems logical that resis-
tance would be increased in plants with increasing amounts of sali-
cylic acid. Mauch and colleagues (2001) transformed Arabidopsis
with an isochorismate synthase gene and a pyruvate lyase gene
(genes that convert chorismic acid to salicylic acid). Interestingly, a
study by Wildermuth and colleagues (2001) showed that a major



route for salicylic acid was via an isochorismate synthase. When the
genes were targeted to the chloroplast, the plants were greatly stunted.
However, when the genes were targeted to the cytosol, the plants ap-
peared normal, salicylate content was elevated, and resistance to
Peronospora parasitica was enhanced.

Mutations in the NPR1/NIM1 gene resulted in plants that could not
express either ISR or SAR (e.g., Delaney et al., 1995). However,
overexpression of NPR1 in Arabidopsis resulted in plants that ex-
pressed resistance to several pathogens (Cao et al., 1998), further
demonstrating the important role of the protein product of this gene
in resistance. Overexpression of NIM1 in Arabidopsis also enhanced
general disease resistance (Friedrich et al., 2001). Interestingly, the
NIM1 overexpressing plants exhibited a more rapid expression of
PR1 after infection with P. parasitica and were more responsive to
treatment with the plant activator ASM. The overall control of
P. parasitica by metalaxyl, fosetyl-Al, and CuOH was also enhanced
in the NIM1 transgenics as compared to the wild-type plant, again
supporting a possible synergistic activity between induced resistance
and traditional fungicides. The authors suggested that the use of this
type of transgenic could also allow for use of lower amounts of ASM
to achieve full expression of induced resistance (Friedrich et al.,
2001). It seems likely that combining the use of NIM1 transgenics (or
similar genes) in disease-management plans could reduce the input of
both traditional chemical controls and plant activators.

CURRENT RESEARCH PROGRAM ON INDUCED
RESISTANCE IN CUCUMBER

Current research in my laboratory is focusing on the genotypic
variability of induced resistance in cucumber as well as differential
forms of induced resistance against a hemibiotrophic fungus and a
necrotroph. Treatment of a range of cucumber cultivars with ASM
has induced varying degrees of resistance to infection by the hemi-
biotrophic fungal pathogen Colletotrichum orbiculare, ranging from
little induction to very high resistance. When the same cultivars were
tested for induced resistance to Didymella bryoniae, some cultivars
became more resistant, but several showed little response or became
more susceptible. Analysis of chitinase induction by ASM treatment
also showed a wide range of responses across the cultivars, but no



correlation between the level of induced resistance and the induced
activity of chitinase was found. Two cultivars, SMR 58 and Market-
more 86, were studied in more detail. Treatment with ASM, INA, and
inoculation with C. orbiculare induced resistance to both pathogens.
When ‘Marketmore 86’was tested, all inducing agents induced resis-
tance to C. orbiculare, but only C. orbiculare induced resistance to -
D. bryoniae. Interestingly, both wounding and jasmonic acid treat-
ment induced resistance to D. bryoniae but not to C. orbiculare.
These results suggest that different signaling pathways also exist in
cucumber plants, and the differential expression of resistance we
have observed is similar to that previously discussed for Arabidopsis
(Ton et al., 2002).

We have also examined a wide range of chemical and biologically
based materials to test their efficacy as inducers of resistance in
wounded potato tubers to Fusarium sambucinum (Greyerbiehl and
Hammerschmidt, unpublished). Most compounds tested (ASM, BABA,
salicylic acid, arachidonic acid) had little or no effect (even when
tested in combinations). However, chitosan was quite effective as an
inducer. Chitosan treatment induced the formation of what appeared
to be a phenolic barrier near the surface of wounded potato tuber tis-
sue, while at the same time suppressing the accumulation of wound-
induced steroid glycoalkaloids. The response to chitosan was also
systemic (over a few centimeters) into the tuber tissue with respect to
chitinase induction.

CONCLUSIONS

Research on the phenomenon of induced disease resistance has lit-
erally exploded over the past decade. Tremendous advances have
been made in our understanding of the genetic regulation of both the
SAR and ISR forms of induced resistance, and this information has
been useful in understanding resistance in general. Most of the mo-
lecular and genetic research has relied on the Arabidopsis system,
and much of the research reported in this chapter comes from studies
with Arabidopsis. However, it is increasingly more important that the
knowledge learned about the regulation of induced resistance be used
to study the regulation of induced resistance in other crops and to de-
termine if what is observed in Arabidopsis can be applied directly or
indirectly to other systems. Research on the regulation of SAR and



ISR has the potential for revealing new means of disease control in
other crops, and this new knowledge should be used. The fact that in-
duced resistance is manifested in more than one form further indi-
cates that plants have sophisticated means of dealing with different
types of plant pathogens, and understanding how the signaling path-
ways interact in both a positive and negative way is important if im-
plementation of induced resistance as a disease-management tool is
to become a reality.

A plethora of papers have described a wide variety of natural and
synthetic compounds as well as biologicals that claim to induce resis-
tance. In some well-studied cases (e.g., PGPR-mediated ISR, ASM,
INA, BABA), very solid evidence indicates that these compounds are
inducers of resistance. Other materials deserve equal study so that it
can be determined if these are true inducers or only clandestine fungi-
cides. Such studies on mode of action may, as was the case with the
PGPRs, lead to new forms of induced resistance that are controlled
by different signaling pathways. More effort on the field testing of the
efficacy of inducers as stand-alone products and in combination with
traditional chemicals, host resistance, and cultural practices are also
needed to help find the proper fit for induced resistance, in disease
management. Care should be taken to observe any obvious cultivar
differences that may lead to differential expression of resistance
within a species, as well as more studies that evaluate the effects of
inducers on the yield and quality of the harvested product since just
controlling the disease may not be enough.
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Chapter 7

Genetic Engineering of Plants to Enhance ResistanceGenetic Engineering of Plants to Enhance
Resistance to Fungal Pathogens

Zamir K. Punja

INTRODUCTION

From the time domestication of plants for human use first began,
fungal diseases have caused major yield losses and have impacted the
well-being of humans worldwide. The incorporation of disease-resis-
tance genes into plants has been successfully achieved using conven-
tional breeding methods, and almost every agricultural crop grown to-
day has some form of genetic resistance, generally against a number of
diseases. Without these resistance genes, crop productivity and yield
would be substantially reduced (Agrios, 1997).

A major area of research in plant biology has been to identify, clone,
and characterize the various genes involved in disease resistance. The
mechanisms that plants have evolved to respond to pathogen infection
have been recently identified, and remarkable progress has been made
toward elucidating the multitude of genes involved in these responses.
Through the identification of these genes, it is now possible to evaluate
their specific roles in the disease-response pathway using transgenic
plants developed through genetic engineering techniques. In this chap-
ter, the use of cloned genes (from both plant and nonplant sources) to
enhance disease resistance against fungal pathogens in transgenic
plants will be reviewed.

The following approaches have been taken to develop disease-resis-
tant transgenic plants.



1. Expression of gene products that are directly toxic to or which
reduce growth of the pathogen, including pathogenesis-related
(PR) proteins, such as hydrolytic enzymes (chitinases, glucan-
ases) and antifungal proteins (osmotin, thaumatin-like), as well
as antimicrobial peptides (thionins, defensins, lectin), ribosome-
inactivating proteins, and phytoalexins

2. Expression of gene products that destroy or neutralize a compo-
nent of the pathogen arsenal, including inhibition of poly-
galacturonase, oxalic acid, and lipase

3. Expression of gene products that can potentially enhance the
structural defenses in the plant, including elevated levels of
peroxidase and lignin

4. Expression of gene products that release signals that can regu-
late plant defenses, including the production of specific elici-
tors, hydrogen peroxide, salicylic acid, and ethylene

5. Expression of resistance gene (R) products involved in R/Avr
interactions and the hypersensitive response (HR)

The choice of genes used to engineer plants to protect against fun-
gal diseases has been based, in part, on the toxicity of the gene prod-
uct to fungal growth or development in vitro, and to the prominence
of the particular gene(s) in a disease-resistance-response pathway.
Although some of these genes may normally be expressed relatively
late in the response pathway, e.g., after 48 h, the rationale for devel-
oping transgenic plants was to achieve early and high expression
(overexpression) of these proteins, usually constitutively throughout
most of the plant. In other instances, enhancement of protein levels
was reasoned to provide a greater inhibitory effect on fungal develop-
ment than lower naturally occurring or induced levels in the plant.
Other genes have been selected for genetic engineering efforts be-
cause of their ability to induce an array of naturally occurring defense
mechanisms in the plant (Shah et al., 1995; Swords et al., 1997).
More recently, the cloning of several R genes has precipitated interest
in utilizing these genes to provide broad-spectrum disease resistance.
A few genetic engineering approaches have been based on novel ap-
proaches of introducing genes from dsRNA entities (viruses) found
in fungi (Clausen et al., 2000) and genes (lysozyme) cloned from hu-
man tissues (Nakajima et al., 1997; Takaichi and Oeda, 2000) and
also originating from a range of microbes (Lorito and Scala, 1999).



GENETIC ENGINEERING APPROACHES

Hydrolytic Enzymes

The most widely used approach has been to overexpress chitinases
and glucanases, which belong to the group of pathogenesis-related
proteins (Neuhaus, 1999), and which have been shown to exhibit
antifungal activity in vitro (Boller, 1993; Yun et al., 1997). Because
chitins and glucans are major components of the cell wall of many
groups of fungi, the overexpression of these enzymes in plant cells
was postulated to cause lysis of hyphae and thereby reduce fungal
growth (Mauch and Staehelin, 1989). The specific roles of these hy-
drolases in resistance to disease have been difficult to prove in non-
transgenic plants, since the enzymes are frequently encountered in
both resistant and susceptible tissues, and their expression can also be
induced by environmental triggers and plant senescence (Punja and
Zhang, 1993). However, following expression of different types of
chitinases in a range of transgenic plant species, the rate of lesion de-
velopment and the overall size and number of lesions were observed
to be reduced upon challenge with many fungal pathogens (see Table
7.1 at the end of this chapter). This included fungi with a broad host
range, such as Botrytis cinerea and Rhizoctonia solani. However,
chitinase overexpression was ineffective against other pathogens, such
as Cercospora nicotianae, Colletotrichum lagenarium, and Pythium
spp., indicating that differences exist in the sensitivity of fungi to
chitinase. Since the characteristics of chitinases from different
sources can vary, e.g., in substrate binding specificity, pH optimum,
and localization in the cell, leading to differences in antifungal activ-
ity (Sela-Buurlage et al., 1993; Van Loon and Van Strien, 1999), ap-
propriate selection of the gene to be used against a targeted pathogen
or group of pathogens is required. Although the results from the ef-
forts to date have not been spectacular in terms of the level of disease
control, they show that the rate of disease progress and overall dis-
ease severity can be significantly reduced. A few transgenic crop spe-
cies expressing chitinases have been evaluated in field trials, and it
was demonstrated that disease incidence was reduced (Howie et al.,
1994; Grison et al., 1996; Melchers and Stuiver, 2000).

There are fewer examples of the expression of glucanases in trans-
genic plants (Table 7.1), but the results have generally been similar to



those for chitinase expression. The combined expression of chiti-
nases and glucanases in transgenic carrot, tomato, and tobacco was
much more effective in preventing the development of disease caused
by a number of pathogens compared to either one alone (Van den
Elzen et al., 1993; Zhu et al., 1994; Jongedijk et al., 1995), confirm-
ing the synergistic activity of these two enzymes reported from in vi-
tro studies (Sela-Buurlage et al., 1993; Van den Elzen et al., 1993;
Melchers and Stuiver, 2000). As a general rule, the deployment of ge-
netic engineering approaches that involve the expression of two or
more antifungal gene products in a specific crop should provide more
effective and broad-spectrum disease control than the single-gene
strategy (Lamb et al., 1992; Cornelissen and Melchers, 1993; Stritt-
matter and Wegner, 1993; Jach et al., 1995; Shah, 1997; Evans and
Greenland, 1998; Salmeron and Vernooij, 1998; Melchers and Stu-
iver, 2000).

Pathogenesis-Related Proteins

Other PR proteins that exhibit antifungal activity, including osmo-
tin and thaumatin-like protein, and some uncharacterized PR pro-
teins, have also been engineered into crop plants (Table 7.1). Osmotin
is a basic 24 kDa protein belonging to the PR-5 family whose mem-
bers have a high degree of homology to the sweet-tasting protein
thaumatin from Thaumatococcus daniellii and are produced in plants
under different stress conditions (Zhu et al., 1995). The PR-5 proteins
induce fungal cell leakiness, presumably through a specific interac-
tion with the plasma membrane that results in the formation of
transmembrane pores (Kitajima and Sato, 1999). Osmotin has been
shown to have antifungal activity in vitro (Woloshuk et al., 1991;
Melchers et al., 1993; Liu et al., 1994), and when tested in combina-
tion with chitinase and -1,3-glucanse, it showed enhanced lytic ac-
tivity (Lorito et al., 1996). When expressed in transgenic potato,
osmotin was shown to delay expression of disease symptoms caused
by Phytophthora infestans (Table 7.1). Thaumatin-like proteins (TLP)
are also expressed in plants in response to a range of stress conditions
and have also been demonstrated to have antifungal activity in vitro
(Malehorn et al., 1994; Koiwa et al., 1997). Expression of TLP in
transgenic plants was reported to delay disease development due to



several pathogens, including Botrytis, Fusarium, Rhizoctonia, and
Sclerotinia (Table 7.1). Combinations of PR-5 protein expression
with chitinases or glucanases in transgenic plants have not been re-
ported, but it is anticipated that the level of disease reduction achieved
would be enhanced.

Antimicrobial Proteins/Peptides/Other Compounds

Defensins and thionins are low molecular weight (around 5 kDa)
cysteine-rich peptides (45 to 54 amino acids in length) found in
monocotyledenous and dicotyledenous plant species, that were ini-
tially derived from seeds, and which have antimicrobial activity
(Bohlmann, 1994; Broekaert et al., 1995; Evans and Greenland,
1998). It was proposed that these peptides played a role in protecting
seeds from infection by pathogens (Broekaert et al., 1997). Defensins
are also found in insects and mammals, where they play an important
role in curtailing or limiting microbial attack (Rao, 1995). These pep-
tides may exert antifungal activity by altering membrane permeabil-
ity and/or inhibiting macromolecule biosynthesis, and thionins may
be toxic to plant and animal cell cultures as well (Broekaert et al.,
1997). The overexpression of defensins and thionins in transgenic
plants was demonstrated to reduce development of several different
pathogens, including Alternaria, Fusarium, and Plasmodiophora
(Table 7.1), and provided resistance to Verticillium on potato under
field conditions (Gao et al., 2000).

Chitin-binding peptides (hevein-type, knottin-type) are 36 to 40
residues in length and have been recovered from the seeds of some
plant species. They contain cysteine residues and have been demon-
strated to have antifungal activity in vitro (Broekaert et al., 1997).
However, expression of Amaranthus hevein-type peptide and Mira-
bilis knottin-type peptide in transgenic tobacco did not enhance toler-
ance to Alternaria longipes or Botrytis cinerea (De Bolle et al.,
1996). It was postulated that the presence of cations, particularly
Ca2+, may have inhibited the activity of these peptides in vivo. Modi-
fications to amino acid sequences of peptides may enhance the
antifungal activity (Evans and Greenland, 1998).

Ribosome-inactivating proteins (RIP) are plant enzymes that have
28 S rRNA N-glycosidase activity which, depending on their speci-
ficity, can inactivate nonspecific or foreign ribosomes, thereby shut-



ting down protein synthesis. The most common cytosolic type I RIP
from the endosperm of cereal grains do not act on plant ribosomes but
can affect foreign ribosomes, such as those of fungi (Stirpe et al.,
1992; Hartley et al., 1996). Expression of barley seed RIP reduced
development of Rhizoctonia solani in transgenic tobacco (Logemann
et al., 1992) but had little effect on Blumeria graminis in transgenic
wheat (Bieri et al., 2000). In the latter study, the RIP was targeted to
the apoplastic space and may have had less activity against develop-
ment of the intracellular haustoria of the mildew pathogen. It has
been demonstrated that combined expression of chitinase and RIP in
transgenic tobacco had a more inhibitory effect on R. solani develop-
ment than the individual proteins (Jach et al., 1995). Therefore, disso-
lution of the fungal cell wall by hydrolytic enzymes should enhance
the efficacy of antifungal proteins and peptides in transgenic plants.
Human lysozyme has lytic activity against fungi and bacteria, and
when expressed in transgenic carrot and tobacco, enhanced resis-
tance to several pathogens, including Erysiphe and Alternaria (Naka-
jima et al., 1997; Takaichi and Oeda, 2000). An antimicrobial protein
with homology to lipid transfer protein was shown to reduce develop-
ment of B. cinerea when expressed in transgenic geranium (Bi et al.,
1999).

Pokeweed (Pytolacca americana) antiviral protein with type I RIP
activity has been expressed in transgenic tobacco and was shown to
reduce development of R. solani (Wang et al., 1998). Because of
some toxicity to plant cells, nontoxic mutant proteins were derived
and their expression in transgenic plants led to the activation of de-
fense-related signaling pathways and PR-protein induction (e.g.,
chitinase and glucanase), which in turn enhanced plant resistance to
infection by R. solani (Zoubenko et al., 1997). The induction of de-
fense pathways in transgenic plants using other strategies will be dis-
cussed in the following sections.

Antimicrobial peptides have been synthesized in the laboratory to
produce smaller (10 to 20 amino acids in length) molecules that have
enhanced potency against fungi (Cary et al., 2000). In addition, a syn-
thetic cationic peptide chimera (cecropin-melittin) with broad-spec-
trum antimicrobial activity has been produced (Osusky et al., 2000).
When expressed in transgenic potato and tobacco, these synthetic
peptides provided enhanced resistance against a number of fungal



pathogens, including species of Colletotrichum, Fusarium, and Phy-
tophthora (Table 7.1). These peptides may demonstrate lytic activity
against fungal hyphae, inhibit cell wall formation, and/or enhance
membrane leakage. The ability to create synthetic recombinant and
combinatorial variants of peptides that can be rapidly screened in the
laboratory should provide additional opportunities to engineer resis-
tance to a range of pathogens simultaneously. Enhancement of the
specific activities of antifungal enzymes or the creation of variants
with broad activity using directed molecular evolution (DNA shuf-
fling) has also been proposed as a method to enhance the efficacy of
transgenic plants in the future (Lassner and Bedbrook, 2001).

Phytoalexins

Phytoalexins are low molecular weight secondary metabolites pro-
duced in a broad range of plant species that have been demonstrated
to have antimicrobial activity and are induced by pathogen infection
and elicitors (Hammerschmidt, 1999; Grayer and Kokubun, 2001).
Phytoalexins are synthesized through complex biochemical path-
ways (Dixon et al., 1996), such as the shikimic acid pathway, and ge-
netic manipulation of these pathways to suppress or enhance phyto-
alexin production has been difficult to achieve. As with the hydrolytic
enzymes, it has not been easy to conclusively demonstrate the role
played by phytoalexins in enhancing resistance to disease in many
host-pathogen interactions. A mutant of Arabidopsis deficient in the
production of the indole-type phytoalexin camalexin was shown to be
more susceptible to infection by Alternaria brassicicola but not to
Botrytis cinerea (Thomma, Nelissne, et al., 1999). Using transgenic
plants, it has been possible to also show that the overexpression of
genes encoding certain phytoalexins, such as trans-resveratrol and
medicarpin, resulted in delayed development of disease and symp-
tom production by a number of pathogens on several plant species
(Table 7.1). These studies are encouraging in light of the difficulties
of engineering the complex biochemical pathways leading to phyto-
alexin accumulation in plants (Dixon et al., 1996).

Inhibition of Pathogen Virulence Products

The plant cell wall acts as a barrier to penetration by fungal patho-
gens, and numerous strategies have evolved among plant pathogens



to overcome this (Walton, 1994). These include secretion of a range
of plant cell wall–degrading enzymes (depolymerases) and the pro-
duction of toxins, such as oxalic acid, by fungal pathogens. A large
number of genes involved in pathogenicity of fungi have been indent-
ified (Idnurm and Howlett, 2001). Several strategies to engineer resis-
tance against fungal infection have targeted the inactivation of these
pathogen virulence products. Polygalacturonase-inhibiting proteins
(PGIP) are glycoproteins present in the cell wall of many plants that
can inhibit the activity of fungal endopolygalacturonases (Powell
et al., 1994; Desiderio et al., 1997; Lorenzo and Ferrari, 2002). The
expression of PGIP in transgenic plants produced contrasting results:
in transgenic tomato expressing a bean PGIP, resistance to Fusarium,
Botrytis, or Alternaria was not enhanced (Desiderio et al., 1997),
while in transgenic tomato expressing a pear PGIP, colonization of
leaves and fruits by Botrytis was reduced (Powell et al., 2000). In the
former study, it was shown that PGIPs from bean differed in their
specificity to fungal PG in vitro and the PGIP-1 that was selected for
transformation was not inhibitory (Desiderio et al., 1997). Thus, ap-
propriate in vitro screening of PGIPs would be required prior to un-
dertaking transformation experiments. As with the PR proteins and
antifungal compounds, disease development was reduced but not to-
tally prevented in the transgenic plants.

Another strategy that could have potential to reduce pathogen in-
fection is immunomodulation or the expression of genes encoding
antibodies or antibody fragments in plants (plantibodies) that could
bind to pathogen virulence products (De Jaeger et al., 2000; Schill-
berg et al., 2001). The antibodies can be expressed intercellularly or
extracellularly and can bind to and inactivate enzymes, toxins, or
other pathogen factors involved in disease development. Currently,
no published reports on the expression of antifungal antibodies in
transgenic plants have led to a reduction in disease. However, it has
been demonstrated that antilipase antibodies inhibited infection of to-
mato by B. cinerea when mixed with spore inoculum by preventing
fungal penetration through the cuticle (Comménil et al., 1998). Simi-
larly, infection by Colletotrichum gloeosporioides on various fruits
was inhibited using polyclonal antibodies that bound to fungal pec-
tate lyase (Wattad et al., 1997). Genetic engineering of antibody ex-
pression in plants is extremely challenging technically and the appli-



cations to fungal disease control (immunization) have yet to be
determined, although success against virus diseases has been re-
ported (De Jaeger et al., 2000).

Production of phytotoxic metabolites, such as mycotoxins and ox-
alic acid, by fungal pathogens has been shown to facilitate infection
of host tissues following cell death. Degradation of these compounds
by enzymes expressed in transgenic plants could provide an opportu-
nity to enhance resistance to disease. Expression of a trichothecene-
degrading enzyme from Fusarium sporotrichioides in transgenic to-
bacco reduced plant tissue damage and enhanced seedling emergence
in the presence of the trichothecene (Muhitch et al., 2000). The effect
on pathogen development was not tested. Germinlike oxalate oxidas-
es are stable glycoproteins first discovered in cereals that are present
during seed germination and induced in response to fungal infection
and abiotic stress (Dumas et al., 1995; Zhang et al., 1995; Berna and
Bernier, 1997). Their activity on the substrate oxalic acid results in
the production of CO2 and H2O2; the latter can induce defense re-
sponses in the plant and enhance strengthening of cell walls (Brisson
et al., 1994; Mehdy, 1994). The expression of barley oxalate oxidase
in oilseed rape enhanced tolerance to the phytotoxic effects of oxalic
acid, although the effect on the target pathogen Sclerotinia sclerotiorum
was not evaluated (Thompson et al., 1995). In transgenic soybean, a
wheat oxalate oxidase provided resistance to S. sclerotiorum (Donald-
son et al., 2001). Expression of oxalate oxidase in transgenic hybrid
poplar enhanced resistance to Septoria, whereas oxalate decarboxylase
expression enhanced resistance of tomato to Sclerotinia sclerotiorum
(Table 7.1). These reports indicate that the inactivation of specific
pathogen virulence factors, such as toxins, by gene products ex-
pressed in transgenic plants has the potential to reduce development
of specific fungal pathogens.

Alteration of Structural Components

Lignification of plant cells around sites of infection or lesions has
been reported to be a defense response of plants that can potentially
slow down pathogen spread (Nicholson and Hammerschmidt, 1992).
The enzyme peroxidase is required for the final polymerization of
phenolic derivatives into lignin and may also be involved in suber-
ization or wound healing. A decrease in polyphenolic compounds,



such as lignin, in potato tubers by redirection of tryptophan in trans-
genic plants through expression of tryptophan decarboxylase ren-
dered tissues more susceptible to Phytophthora infestans (Yao et al.,
1995), illustrating the role of phenolic compounds in defense. Reduc-
tion of phenylpropanoid metabolism through inhibition of phenyl-
alanine ammonia-lyase activity in transgenic tobacco also rendered
tissues more susceptible to Cercospora nicotianae (Maher et al.,
1994). Overexpression of a cucumber peroxidase gene in transgenic
potato, however, did not increase resistance of tissues to infection by
Fusarium or Phytophthora, and lignin levels were not significantly
affected, despite elevated peroxidase expression (Ray et al., 1998). It
was suggested that peroxidase levels may not have been the limiting
step for lignification or that the native peroxidase activity may have
been co-suppressed. Overexpression of a tobacco anionic peroxidase
gene in tomato did enhance lignin levels, but resistance to fungal
pathogens was not enhanced (Lagrimini et al., 1993). Lignin levels
were also significantly higher following expression of the H2O2-gen-
erating enzyme glucose oxidase in transgenic potato (Wu et al., 1997)
and by expression of the hormone indole-acetic acid in transgenic to-
bacco (Sitbon et al., 1999). In the former case, tolerance to several
fungal pathogens was enhanced (Table 7.1). Peroxidase overexpress-
ion in plants can, however, have negative effects on plant growth and
development (Lagrimini et al., 1997), and the results to date indicate
that this approach appears to hold less promise for enhancing disease
resistance.

A reduction in large callose deposits surrounding haustoria of
Peronospora parasitica infecting Arabidopsis thaliana was indi-
rectly achieved in transgenic plants not accummulating salicylic acid,
achieved by expression of the enzyme salicylate hydroxylase (Dono-
frio and Delaney, 2001). These plants also had reduced expression of
the PR-1 gene and exhibited significantly enhanced susceptibility to
the pathogen, suggesting that callose deposition during normal defense
responses of the plant was influenced by the reduced levels of SA.

ACTIVATION OF PLANT DEFENSE RESPONSES

One activator of host defense responses are elicitor molecules
from an invading pathogen. These can trigger a network of signaling
pathways that coordinate the defense responses of the plant, includ-



ing the hypersensitive response, and PR-protein and phytoalexin pro-
duction (Heath, 2000; McDowell and Dangl, 2000; Shirasu and
Schulze-Lefert, 2000). A gene encoding the elicitor cryptogein
(a small basic protein, 98 amino acids in length) from the pathogen
Phytophthora cryptogea was cloned and expressed in transgenic to-
bacco under control of a pathogen-inducible promoter (Keller et al.,
1999). Challenge inoculation with a range of fungi induced the HR as
well as several defense genes, and growth of the pathogens was con-
comitantly restricted (Table 7.1). Resistance to the pathogens was not
complete, possibly because of the time needed for production of the
transgenic elicitor following initial infection (Keller et al., 1999). An-
other elicitor, INF1, was shown to act as an avirulence factor in the to-
bacco-Phytophthora infestans interaction and triggered the onset of
the HR (Kamoun et al., 1998). Expression of the gene encoding the
AVR9 peptide elicitor from Cladosporium fulvum in transgenic to-
matoes containing the Cf9 gene resulted in a necrotic defense re-
sponse (Hammond-Kosack et al., 1994; Honée et al., 1995). The de-
velopment of lesions resembling the HR induced through expression
of a bacterial proton pump gene (bacterio-opsin) from Halobac-
terium halobium activated multiple defense systems in transgenic to-
bacco plants (Mittler et al., 1995) in the absence of pathogen chal-
lenge.

In transgenic potato, expression of bacterio-opsin enhanced resis-
tance to some pathogens but had no effect on others (Abad et al.,
1997), whereas in poplar, there was no effect on disease development
(Mohamed et al., 2001). Antisense inhibition of catalase, a H2O2-
degrading enzyme, resulted in development of necrotic lesions and
PR-protein accumulation (Takahashi et al., 1997). Although these
and other reports indicate that induction of the HR and necrosis, with
the resulting activation of general defense pathways, could poten-
tially result in broad-spectrum disease resistance (Bent, 1996; Honée,
1999; Melchers and Stuiver, 2000), the use of such an approach
would require tight regulation of the expressed phenotype, in addi-
tion to ensuring that no deleterious side effects, such as abnormal or
suppressed growth, occurred on the transgenic plants. If successful,
the activation of general defense responses in these transgenic plants
could provide protection against viral and bacterial pathogens in ad-
dition to fungi.



Another activator of defense responses that has been engineered in
transgenic plants is hydrogen peroxide (H2O2) generated through ex-
pression of genes encoding for glucose oxidase (Table 7.1). Hydro-
gen peroxide has been shown to directly inhibit pathogen growth (Wu
et al., 1995) and to induce PR proteins, salicylic acid, and ethylene
(Wu et al., 1997; Chamnongpol et al., 1998), as well as phytoalexins
(Mehdy, 1994). It is produced during the early oxidative burst in plant
cell response to infection (Baker and Orlandi, 1995) and can trigger
the HR (Levine et al., 1994; Tenhaken et al., 1995, Neill et al., 2002),
strengthen cell walls (Brisson et al., 1994), and enhance lignin forma-
tion (Wu et al., 1997). Expression of elevated levels of H2O2 in trans-
genic cotton, tobacco, and potato reduced disease development due
to a number of different fungi, including Rhizoctonia, Verticillium,
Phytophthora, and Alternaria (Table 7.1); high levels can, however,
be phytotoxic (Murray et al., 1999). In one study, necrotic lesions
from the HR enhanced infection by the necrotrophic pathogen Botry-
tis cinerea (Govrin and Levine, 2000), and the characteristic features
of such necrotrophic fungi have been reviewed (Mayer et al., 2001).
Therefore, the widespread induction of cell death in a transgenic
plant to induce disease resistance has to be approached with caution.

Other activators of plant defense responses include signaling mol-
ecules such as salicylic acid, ethylene, and jasmonic acid (Yang et al.,
1997; Dong, 1998; Reymond and Farmer, 1998; Dempsey et al.,
1999). The roles of salicyclic acid as a signal molecule for the activa-
tion of plant defense responses to pathogen infection and as an in-
ducer of systemic acquired resistance (SAR) have been extensively
studied (Ryals et al., 1996; Stichter et al., 1997; Dempsey et al., 1999;
Métraux, 2002). Using transgenic plants, evidence for the role of SA
in defense response activation has been obtained. Plants expressing
the SA-metabolizing enzyme salicylate hydroxylase, a bacterial pro-
tein that converts SA to the inactive form catechol, did not accumu-
late high levels of SA and had enhanced susceptibility to pathogen in-
fection (Gaffney et al., 1993; Delaney et al., 1994; Donofrio and
Delaney, 2001) or had unaltered susceptibility (Yu et al., 1997). A
mutant of Arabidopsis nonresponsive to induction of SAR showed
enhanced susceptibility to fungal infection (Delaney et al. 1995;
Donofrio and Delaney, 2001). The overexpression of SA in transgen-
ic tobacco was recently shown to enhance PR-protein production and



provide resistance to fungal pathogens (Verberne et al., 2000). Ex-
pression of tobacco catalase, an enzyme with SA-binding activity, in
transgenic potato enhanced defense gene expression leading to SAR
and enhanced tolerance to P. infestans (Yu et al., 1999). Overexpres-
sion of the NPR1 gene, which regulates the SA-mediated signal lead-
ing to SAR induction, in transgenic Arabidopsis increased the level
of PR proteins during infection and enhanced resistance to Perono-
spora parasitica (Cao et al., 1998). It was postulated that synergistic
interactions between PR proteins and products of other downstream
defense-related genes provided the enhanced resistance. In addition,
NPR1 was only activated upon infection or by induction of SAR,
avoiding potential side effects on plant growth from constitutive ex-
pression. These studies demonstrate that manipulation of salicyclic
acid levels in transgenic plants has the potential to lead to enhanced
disease resistance by inducing PR-protein expression and other de-
fense gene products.

Ethylene and jasmonic acid appear to be signals used in response
of plants to necrotrophic pathogen attack (in contrast to biotrophic in-
fection) and that work independently of, and possibly antagonistic to,
SA-mediated responses (Dong, 1998; Thomma, Nelissen, et al.,
1999; McDowell and Dangl, 2000; Lee et al., 2001). Mutant or trans-
formed plants nonresponsive to either jasmonate or ethylene were
found to be more susceptible to infection by root- and foliar-infecting
fungi (Knoester et al., 1998; Staswick et al., 1998; Vijayan et al.,
1998; Hoffmann et al., 1999; Thomma, Eggermont, et al., 1999;
Geraats et al, 2002), confirming a role for these signals in certain
host-pathogen interactions. In contrast, ethylene-insensitive mutants
or plants with reduced ethylene production can exhibit reduced dis-
ease symptoms, as described for F. oxysporum and V. dahliae on to-
mato (Lund et al., 1998, Robison et al., 2001). Genetic engineering
efforts to alter ethylene or jasmonate production in plants may, how-
ever, result in unpredictable effects on disease response, depending
on the pathogen, as well as induce potential side effects in view of the
multiple roles played by these signal molecules in plants (O’Donnell
et al., 1996; Weiler, 1997; Wilkinson et al., 1997).

Ethylene production and extracellular PR-protein expression were
found to be induced by expression of cytokinins in transgenic tomato
cells (Bettini et al., 1998). The engineering of hormone biosynthetic



gene expression in transgenic plants has been accomplished (Hedden
and Phillips, 2000). Whether reduced or elevated levels of hormones,
such as auxins, cytokinins, gibberellins, and jasmonate, can lead to
the development of transgenic plants with enhanced disease resis-
tance remains to be seen, given their broad range of physiological ef-
fects on plant development. Interestingly, inhibition of indole-acetic
acid (IAA) production by antisense transformation of the nitrilase 1
gene in Arabidopsis reduced levels of IAA and development of root
galls due to Plasmodiophora brassicae (Neuhaus et al., 2000). In
contrast, overexpression of IAA in tobacco enhanced ethylene pro-
duction and peroxidase activity and increased lignin content, al-
though the response to disease was not tested (Sitbon et al., 1999).
Altered auxin/cytokinin expression has the potential to also affect
mycorrhizal colonization of plant roots (Barker and Tagu, 2000).

RESISTANCE GENES ( R GENES)

R-gene products may serve as receptors for pathogen avirulence
(Avr) factors or recognize the Avr factor indirectly through a co-
receptor (Staskawicz et al., 1995). This gene-for-gene interaction
triggers one or more signal transduction pathways which in turn acti-
vate defense responses in the plant to prevent pathogen growth (Ham-
mond-Kosack and Jones, 1996; De Wit, 1997). These defense re-
sponses include the development of the HR, expression of PR proteins,
and accumulation of salicylic acid, and can lead to the development of
systemic acquired resistance (Ryals et al., 1996; Dempsey et al.,
1999; Kombrink and Schmelzer, 2001). Ethylene and jasmonic acid
may also be involved in signaling the defense responses in the gene-
for-gene interaction (Deikman, 1997; Dong, 1998). Efforts to clone
an array of R genes involved in fungal disease resistance have met with
some success (Bent, 1996; Crute and Pink, 1996; Baker et al. 1997;
Hammond-Kosack and Jones, 1997; Ellis and Jones, 1998). The R-
gene products cloned from tomato, tobacco, rice, flax, Arabidopsis,
and several other plant species shared one or more similar motifs: a
serine/threonine kinase domain, a nucleotide binding site, a leucine
zipper, or a leucine-rich repeat region, all of which may contribute to
recognition specificity (Shirasu and Schulze-Lefter, 2000; Takken



and Joosten, 2000). The Hm1 R gene cloned from maize is an excep-
tion, as it encodes for an NADPH-dependent reductase that inacti-
vates the potent toxin produced by race 1 strains of Cochliobolus
carbonum (Johal and Briggs, 1992). Many R genes belong to tightly
linked multigene families, e.g., Cf4/9 encoding resistance to Clado-
sporium fulvum mold of tomato (Thomas et al., 1997).

There are several examples of the expression of R genes in trans-
genic plants. The overexpression of the HRT gene, which controls the
hypersensitive response in Arabidopsis to turnip crinkle virus, did not
confer enhanced resistance to Peronospora tabacina (Cooley et al.,
2000). The authors proposed that multiple factors may be involved in
determining the resistance response, or that the resistance may be HR
independent. Expression of the Cf-9 gene, which confers resistance in
tomato to races of C. fulvum, in transgenic tobacco and potato gave rise
to the HR when challenged with Avr 9 peptide (Hammond-Kosack
et al., 1998), indicating that the Cf-9 gene product was produced. Ex-
pression of the Cf-g gene in oilseed rape enhanced resistance to
Leptosphaeria maculans (Hennin et al., 2001). However, for the
R-gene/Avr mediated disease resistance to be fully expressed, several
additional loci may be required (Hammond-Kosack and Jones, 1996;
Baker et al., 1997), in addition to elevated levels of salicylic acid
(Delaney et al., 1994). Results to date suggest that the expression of
cloned R genes in heterologous transgenic plants is unlikely by itself
to enhance tolerance to fungal pathogens, due to the complexity of
the interacting signaling pathways. A combination of several inter-
acting genes, similar to that for the antifungal proteins, will likely be
required. An enhanced understanding of R-gene structure and func-
tion could, however, make it possible to modify functional domains
in the future to tailor R genes for use in providing broad-spectrum re-
sistance to diseases in transgenic plants (Bent, 1996; Dempsey et al.,
1998). Other potential approaches to the use of R genes for engineer-
ing disease resistance in plants are discussed by Rommens and
Kishore (2000).

CHALLENGES

Besides identifying and cloning potentially useful genes to engi-
neer into plants, the development of transgenic plants with enhanced
fungal disease resistance faces additional challenges. Depending on



the plant species, transformation frequencies can be as low as 1 to 10
percent, and from hundreds of confirmed transgenic lines, only a few
may have appropriate transgene expression levels. Recent advances
in plant transformation should provide new opportunities to over-
come some of these difficulties (Gelvin, 1998; Hansen and Wright,
1999; Newell, 2000). The positive relationship of high levels of PR
proteins and antifungal compounds with enhanced disease resistance
in plants has been documented in many but not all cases. However, as
indicated previously, there are a number of examples in which trans-
gene products expressed at high levels induced plant cell damage or
had other undesirable effects. These include the engineered expression
of thionins, ribosome-inactivating proteins, peroxidase, hydrogen per-
oxide, elicitor molecules, and growth regulators. In most instances,
constitutive promoters have been used to achieve high expression lev-
els throughout most tissues of the plant. In crops affected by patho-
gens that colonize more than one type of organ, e.g., roots and leaves,
this is advantageous. In instances where only specific tissues need to
be protected, e.g., leaves, fruit, or seed, or where the antifungal com-
pounds need to be expressed at certain targeted sites in the cell, spe-
cific promoters would need to be identified (Bushnell et al., 1998;
Dahleen et al., 2001). Wound- and pathogen-inducible promoters
have also been described that have advantages for engineering spe-
cific disease resistance against fungal pathogens (Roby et al., 1990;
Strittmatter et al., 1995; Keller et al., 1999) by expressing antifungal
compounds only at sites of infection or wounds. Targeting of the en-
gineered protein to the apoplastic space or to the vacuole has been
achieved in numerous previous studies and may enhance the anti-
fungal activity, depending on the mode of infection of the pathogen.
Future research will require the fine-tuning of engineered gene ex-
pression and establishing the optimal expression levels and target site
in the cell needed to prevent pathogen infection.

It remains to be demonstrated under field conditions the level to
which disease resistance is achieved using transgenic plants and
whether it is against a range of phytopathogens or only specific dis-
eases. It is noteworthy that many of the successfully controlled patho-
gens in laboratory and greenhouse evaluations are those with a wide
host range, such as Rhizoctonia solani and Botrytis cinerea, for
which there are few available sources of genetic resistance through



conventional breeding in most crops. This is particularly true also for
seedling-infecting pathogens, for which there are few examples of ge-
netic resistance in the host. Therefore, genetic engineering of novel
disease-resistance traits in crop plants has the potential to provide con-
trol of devastating pathogens with reduced fungicide applications. Ex-
pression of an antifungal trait throughout the growing season, from
seed to harvest, under prolonged disease-conducive conditions, can
also provide significant advantages for disease management using this
technology, provided there are no other deleterious side effects.

Nontarget effects on other diseases, pests, or beneficial micro-
organisms will have to be monitored in crop plants engineered to ex-
press antifungal or antimicrobial compounds. Although unpredicted
beneficial effects against other related fungal pathogens may be a
positive aspect, an assessment of the effects on unrelated fungi, vi-
ruses, or bacteria may need to be conducted. It is unwieldy for re-
searchers involved in the development of genetically engineered
plants to screen against a multitude of diseases or pathogens common
to that crop, an approach that may be taken by plant breeders during
development of a new variety. The results in Table 7.1 demonstrate
the specificity of the evaluation approach used for transgenic plants,
which is conducted mostly under axenic or controlled environment
conditions, and which infrequently includes more than one pathogen
for challenge inoculation. Could the overexpression of antimicrobial
compounds in the roots of genetically engineered plants alter their
compatibility with mycorrhizae or beneficial endophytic fungi, or to
various rhizosphere-colonizing microbes that could inhibit the devel-
opment of soilborne pathogens? Evaluations of these potential effects
have been conducted in very few studies (Vierheilig et al., 1993,
1995; Lottmann et al., 2000; Lukow et al., 2000), and so far, no side
effects have been found.

The possibility of selecting pathogen strains with resistance to the
engineered trait may be increased with the widespread deployment of
transgenic crops expressing specific antimicrobial compounds or that
have broad-spectrum disease resistance. Fungal pathogens have dem-
onstrated the capability for rapid change in genetic structure in the
face of selection forces, such as highly specific fungicides, major dis-
ease-resistance genes, and environmental factors. The selection im-
posed by antimicrobial proteins, for example, could force the evolu-



tion of adaptive strategies in the pathogen to defend against the
inhibitory compounds. Such a co-evolution has been proposed for
chitinases (Bishop et al., 2000), in which adaptive functional modifi-
cations of the enzyme active site have occurred. Similarly, changes in
sensitivity of pathogens to antimicrobial proteins overexpressed in
transgenic plants could be selected. The use of combined genes that
target different sites could reduce the selection pressure imposed on
the pathogen. Genetically engineered plants with successfully en-
hanced disease resistance should not be viewed as a panacea and con-
tinual monitoring for any potential unexpected events will be required.
Transgenic plants with enhanced disease resistance can become a valu-
able component of a disease-management program in the future.
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Strategy used and plant
species engineered

Expressed gene
product Effect on disease development Reference

Expression of hydrolytic enzymes

Alfalfa (Medicago sativa L.) Alfalfa glucanase Reduced symptom development
due to Phytophthora
megasperma; no effect on
Stemphylium alfalfae

Masoud et al., 1996

American ginseng (Panax
quinquefolius L.)

Rice chitinase Not tested Chen and Punja, 2002a

Apple (Malus ×domestica) Trichoderma
harzianum
endochitinase

Reduced lesion number and
lesion area due to Venturia
inaequalis

Bolar et al., 2000; Wong et
al., 1999

Barley (Hordeum vulgare L.) Trichoderma
endo-1,4- -
glucanase

Not tested Nuutila et al., 1999

Broccoli (Brassica oleracea var.
italica)

Trichoderma
harzianum
endochitinase

Reduced lesion size due to
Alternaria brassicicola

Mora and Earle, 2001

Canola (Brassica napus L.) Bean chitinase Reduced rate and total seedling
mortality due to Rhizoctonia
solani

Broglie et al., 1991

TABLE 7.1. Plant species genetically engineered to enhance resistance to fungal diseases (1991-2002)



Canola (B. napus L.) Tomato chitinase Lower percentage of diseased
plants due to Cylindrosporium
concentricum and Sclerotinia
sclerotiorum

Grison et al., 1996

Carrot (Daucus carota L.) Tobacco chitinase Reduced rate and final incidence
of disease due to Botrytis
cinerea, Rhizoctonia solani, and
Sclerotium rolfsii; no effect on
Thielaviopsis basicola and
Alternaria radicina

Punja and Raharjo, 1996

Chrysanthemum [Dendranthema
grandiflorum (Ramat.) Kitamura]

Rice chitinase Reduced lesion development due
to Botrytis cinerea

Takatsu et al., 1999

Creeping bentgrass (Agrostis
palustris Huds.)

Elm chitinase-like
protein

Reduced severity of Rizoctonia
solani

Chai et al., 2002

Cucumber (Cucumis sativus L.) Petunia and
tobacco
chitinases

No effect on disease development
due to Colletotrichum lagenarium
and Rhizoctonia solani

Punja and Raharjo, 1996

Cucumber (C. sativus L.) Rice chitinase Reduced lesion development due
to Botrytis cinerea

Tabei et al., 1998

Grape (Vitis vinifera L.) Rice chitinase Reduced development
of Uncinula necator and fewer
lesions due to Elsinoe ampelina

Yamamoto et al., 2000



Grape (V. vinifera L.) Trichoderma
harzianum
endochitinase

Reduction of Botrytis cinerea
development in preliminary tests

Kikkert et al., 2000

Potato (Solanum tuberosum L.) Trichoderma
harzianum
endochitinase

Lower lesion numbers and size
due to Alternaria solani; reduced
mortality due to Rhizoctonia solani

Lorito et al., 1998

Rice (Oryza sativa L.) Rice chitinase Fewer numbers of lesions and
smaller size due to Rhizoctonia
solani

Lin et al., 1995; Datta et al.,
2000, 2001

Rice (O. sativa L.) Rice chitinase Delayed onset and reduced
severity of disease symptoms
due to Magnaporthe grisea

Nishizawa et al., 1999

Rose (Rosa hybrida L.) Rice chitinase Reduced lesion diameter due
to black spot (Diplocarpon rosae)

Marchant et al., 1998

Silver birch (Betula pendula L.) Sugarbeet
chitinase

Enhanced resistance to
Pyrenopeziza betulicola

Pappinen et al., 2002

Sorghum [Sorghum bicolor (L.)
Moench]

Rice chitinase Increased resistance to Fusarium
thapsinum

Krishnaveni et al., 2001

Strawberry (Fragaria ×ananassa
Duch.)

Rice chitinase Reduced development of pow-
dery mildew (Sphaerotheca
humuli)

Asao et al., 1997

TABLE 7.1 (continued)



Tobacco (Nicotinana
tabacum L.)

Bean chitinase Lower seedling mortality due to
Rhizoctonia solani; no effect on
Pythium aphanidermatum

Broglie et al., 1991,
Broglie et al., 1993

Tobacco (N. tabacum L.) Peanut chitinase Not tested Kellmann et al., 1996

Tobacco (N. tabacum L.) Serratia
marcescens
chitinase

Reduced disease incidence due
to Rhizoctonia solani on seed-
lings; no effect on Pythium
ultimum

Howie et al., 1994

Tobacco (N. tabacum L.) Serratia
marcescens
chitinase

Reduced development
of Rhizoctonia solani

Jach et al., 1992

Tobacco (N. tabacum L.) Streptomyces
chitosanase

Not tested El Quakfaoui et al., 1995

Tobacco (N. tabacum L.) Rhizopus
oligosporus
chitinase

Reduced rate of development
and size of lesions on leaves due
to Botrytis cinerea and
Sclerotinia sclerotiorum

Terakawa et al., 1997

Tobacco (N. tabacum L.) Trichoderma
harzianum
endochitinase

Reduced symptoms due to
Alternaria alternata, Botrytis
cinerea, and Rhizoctonia solani

Lorito et al., 1998

Tobacco (N. tabacum L.) Baculovirus
chitinase

Reduced lesion development due
to brown spot (Alternaria
alternata)

Shi et al., 2000



Tobacco (N. tabacum L.) Soybean
glucanase

Reduced development of
Phytophthora parasitica and
Alternaria alternata

Yoshikawa et al., 1993

Tobacco (N. tabacum L.) Tobacco
glucanase

Reduced disease symptoms due
to Phytophthora parasitica and
Peronospora tabacina

Lusso and Kuc, 1996

Tobacco (N. tabacum L.) Acidothermus
cellulolyticus
endoglucanase

Not tested Dai et al., 2000

Tobacco (N. benthamiana L.) Sugarbeet
chitinase

No effect on Cercospora
nicotianae

Nielsen et al., 1993

Tobacco (N. sylvestris L.) Tobacco chitinase No effect on Cercospora
nicotianae

Neuhaus et al., 1991

Tobacco (N. sylvestris L.) Tobacco chitinase Reduced colonization by
Rhizoctonia solani

Vierheilig et al., 1993

Tomato (Lycopersicon
esculentum Mill.)

Wild tomato
(L. chilense)
chitinase

Reduced development of Verti-
cillium dahliae races 1 and 2

Tabaeizadeh et al., 1999

Wheat (Triticum aestivum L.) Barley chitinase Reduced development of colonies
of Blumeria graminis f. sp. tritici

Bliffeld et al., 1999

TABLE 7.1 (continued)



Wheat (T. aestivum L.) Barley chitinase Reduced development of colo-
nies of Blumeria graminis f. sp.
tritici and Puccinia recondita f. sp.
tritici

Oldach et al., 2001

Expression of pathogenesis-related (PR) proteins

Canola (Brassica napus L.) Pea chitinase,
PR10.1 gene

No effect on Leptosphaeria
maculans

Wang et al., 1999

Canola (B. napus L.) Pea defense
response gene,
defensin

Reduced infection and develop-
ment of Leptosphaeria maculans

Wang et al., 1999

Carrot (D. carota L.) Rice thaumatin-
like protein

Reduced rate and final disease
incidence due to Botrytis cinerea
and Sclerotinia sclerotiorum

Chen and Punja, 2002b

Potato (S. tuberosum L.) Tobacco osmotin Delayed onset and rate of dis-
ease due to Phytophthora
infestans

Liu et al., 1994

Potato (S. commersonii Dun.) Potato osmotin-
like protein

Enhanced tolerance to infection
by Phytophthora infestans

Zhu et al., 1996

Potato (S. tuberosum L.) Pea PR10 gene Reduced development of Vert
-icillium dahliae

Chang et al., 1993

Potato (S. tuberosum L.) Potato defense
response gene
STH-2

No effect against Phytophthora
infestans

Constabel et al., 1993



Rice (O. sativa L.) Rice thaumatin-
like protein

Reduced lesion development due to
Rhizoctonia solani

Datta et al., 1999

Rice (O. sativa L.) Rice Rir1b
defense gene

Fewer lesions due to
Magnaporthe grisea

Schaffrath et al., 2000

Tobacco (N. tabacum L.) Tobacco PR1a Reduced rate and final disease
due to Peronospora tabacina and
Phytophthora parasitica

Alexander et al., 1993

Tobacco (N. tabacum L.) Tobacco osmotin No effect on Phytophthora
parasitica var. nicotianae

Liu et al., 1994

Wheat (T. aestivum L.) Rice thaumatin-
like protein

Delayed development of
Fusarium graminearum

Chen et al., 1999

Expression of antimicrobial proteins/peptides/compounds

Arabidopsis (A. thaliana L.) Mistletoe thionin
viscotoxin

Reduced infection and develop-
ment of Plasmodiophora
brassicae

Holtorf et al., 1998

Arabidopsis (A. thaliana L.) Arabidopsis
thionin

Reduced development and colo-
nization by Fusarium oxysporum

Epple et al., 1997

Canola (B. napus L.) Macadamia
antimicrobial
peptide

Reduced lesion size due to
Leptosphaeria maculans

Kazan et al., 2002

Carrot (Daucus carota L.) Human lysozyme Enhanced resistance to Erysiphe
heraclei and Alternaria dauci

Takaichi and Oeda, 2000

TABLE 7.1 (continued)



Geranium (Pelargonium sp.) Onion
antimicrobial
protein

Reduced development and
sporulation of Botrytis cinerea

Bi et al., 1999

Indian mustard (Brassica
juncea L.)

Hevea chitin-bind-
ing lectin (hevein)

Smaller lesion size and reduced
rate of development due to
Alternaria brassicae

Kanrar et al., 2002

Poplar (Populus ×euramericana) Antimicrobial
peptide

Reduced lesion size due to
Septoria musiva

Liang et al., 2002

Potato (S. tuberosum L.) Alfalfa defensin Enhanced resistance to Verticilli-
um dahliae

Gao et al., 2000

Potato (S. tuberosum L.) Bacillus
amyloliquefaciens
barnase (RNase)

Delayed sporulation and reduced
sporangia production by Phy-
tophthora infestans

Strittmatter et al., 1995

Potato (S. tuberosum L.) Synthetic cationic
peptide chimera

Reduced development of
Fusarium solani and Phytoph-
thora cactorum

Osusky et al., 2000

Potato (S. tuberosum L.) Human lactoferrin Not tested Chong and Langridge, 2000

Rice (O. sativa) Maize ribosome-
inactivating
protein

No effect on Magnaporthe grisea
or R. solani

Kim et al., 1999

Rice (O. sativa L.) Trichosanthes
ribosome-inacti-
vating protein

Reduced lesion size due to
Pyricularia oryzae and enhanced
seedling survival

Yuan et al., 2002



Rice (O. sativa L.) Wheat
puroindoline
peptide

Reduced symptoms due to
Magnaporthe grisea and
Rhizoctonia solani

Krishnamurthy et al., 2001

Tobacco (N. tabacum L.) Amaranthus
hevein-type
peptide, Mirabilis
knottin-type
peptide

No effect on Alternaria longipes
or Botrytis cinerea

De Bolle et al., 1996

Tobacco (N. tabacum L.) Radish defensin Reduced infection and lesion size
due to Alternaria longipes

Terras et al., 1995

Tobacco (N. tabacum L.) Stinging nettle
(Urtica dioica L.)
isolectin

Not tested Does et al., 1999

Tobacco (N. tabacum L.) Pokeweed anti-
viral protein

Lower rate of infection and mor-
tality due to Rhizoctonia solani

Wang et al., 1998; Zoubenko
et al., 1997

Tobacco (N. tabacum L.) Synthetic
magainin-type
peptide

Reduced lesion development due
to Colletotrichum destructivum and
Peronospora tabacina

DeGray et al., 2001; Li et al.,
2001

Tobacco (N. tabacum L.) Sarcotoxin
peptide from
Sarcophaga
peregrina

Enhanced seedling survival fol-
lowing inoculation with R. solani,
Pythium aphanidermatum, and
Phytophthora nicotianae

Mitsuhara et al., 2000

TABLE 7.1 (continued)



Tobacco (N. tabacum L.) Barley ribosome-
nactivating
protein

Reduced incidence and severity
of Rhizoctonia solani

Logemann et al., 1992

Tobacco (N. tabacum L.) Maize ribosome-
nactivating
protein

Lower damage due to
Rhizoctonia solani

Maddaloni et al., 1997

Tobacco (N. tabacum L.) Antifungal (killing)
protein from
Ustilago maydis
infecting virus
(dsRNA)

Not tested Park et al., 1996

Tobacco (N. tabacum L.) Chloroperoxidase
from Pseudomo-
nas pyrrocinia

Reduced lesion development by
Colletotrichum destructivum

Rajasekaran et al., 2000

Tobacco (N. tabacum L.) Synthetic
antimicrobial
peptide

Reduced lesion size due to
Colletotrichum destructivum

Cary et al., 2000

Tobacco (N. tabacum L.) Human lysozyme Reduced colony size and conidial
production by Erysiphe
cichoracearum

Nakajima et al., 1997

Tobacco (N. tabacum L.) Insect antifungal
peptides

Reduced development of
Cercospora nicotianae

Banzet et al., 2002



Tomato (L. esculentum Mill.) Radish defensin Reduced number and size of
lesions due to Alternaria solani

Parashina et al., 2000

Wheat (T. aestivum L.) Barley ribosome-
inactivating
protein

Slightly reduced development of
Blumeria graminis

Bieri et al., 2000

Wheat (T. aestivum L.) Antifungal (killing)
protein from
Ustilago maydis-
infecting virus
(dsRNA)

Inhibition of Ustilago maydis and
Tilletia tritici development on
seeds

Clausen et al., 2000

Wheat (T. aestivum L.) Aspergillus
antifungal protein

Reduced development of colo-
nies of Blumeria graminis f. sp.
tritici and Puccinia recondita f. sp.
tritici

Oldach et al., 2001

Expression of phytoalexins

Alfalfa (M. sativa L.) Alfalfa isoflavone
O-methyltrans-
ferase

Reduced lesion size due to
Phoma medicaginis

He and Dixon, 2000

Alfalfa (M. sativa L.) Peanut resveratrol
synthase

Reduced lesion size and
sporulation of Phoma
medicaginis

Hipskind and Paiva, 2000

Barley (H. vulgare) Grape stilbene
(resveratrol)
synthase

Reduced colonization by Botrytis
cinerea

Leckband and Lörz, 1998

TABLE 7.1 (continued)



Grape (V. vinifera L.) Grape stilbene
(resveratrol)
synthase

Reduced colonization by Botrytis
cinerea

Coutos-Thevenot et al.,
2001

Rice (O. sativa L.) Grape stilbene
(resveratrol)
synthase

Reduced lesion development due
to Pyricularia oryzae

Stark-Lorenzen et al., 1997

Tobacco (N. tabacum L.) Synthetic
magainin-type
peptide

Reduced lesion size and
sporulation due to Peronospora
tabacina

Li et al., 2001

Tobacco (N. tabacum L.) Fusarium
trichodiene
synthase

Not tested Zook et al., 1996

Tobacco (N. tabacum L.) Grape stilbene
(resveratrol)
synthase

Reduced colonization by Botrytis
cinerea

Hain et al., 1993

Tomato (L. esculentum Mill.) Grape stilbene
(resveratrol)
synthase

Reduced lesion development by
Phytophthora infestans; no effect
on Alternaria solani or Botrytis
cinerea

Thomzik et al., 1997

Wheat (T. aestivum L.) Grape stilbene
(resveratrol)
synthase

Not tested Fettig and Hess, 1999

Inhibition of pathogen virulence products

Canola (B. napus L.) Barley oxalate
oxidase

Not tested Thompson et al., 1995



Poplar (Populus
×euramericana)

Wheat oxalate
oxidase

Delayed development of Septoria
musiva

Liang et al., 2001

Rice (O. sativa L.) Rice HC-toxin
reductase-like

Reduced lesion development due
to Magnaporthe grisea

Uchimiya et al., 2002

Soybean [Glycine max (L.)
Merrill]

Wheat oxalate
oxidase (germin)

Reduced lesion length and dis-
ease progression due to
Sclerotina sclerotiorum

Donaldson et al., 2001

Tobacco (N. tabacum L.) Fusarium
trichothecene-
degrading
enzyme

Not tested Muhitch et al., 2000

Tobacco (N. tabacum L.) Mutant RpL3
gene for
mycotoxin
insensit-
tiity

Enhanced tolerance to Fusarium
graminearum mycotoxin

Harris and Gleddie, 2001

Tobacco (N. tabacum L.) Wheat oxalate
oxidase (germin)

Not tested Berna and Bernier, 1997

Tobacco (N. umbratica L.) Tomato Asc-1
gene for insensi-
tivity to fungal
toxins

Enhanced resistance to Alternaria
alternata f. sp. lycopersici

Brandwagt et al., 2002

Tomato (L. esculentum Mill.) Bean
polygalacturonase
inhibiting protein

No effect on disease due to
Fusarium oxysporum, Botrytis
cinerea, and Alternaria solani

Desiderio et al., 1997

TABLE 7.1 (continued)



Tomato (L. esculentum Mill.) Pear
polygalacturonase
inhibiting protein

Reduced rate of development of
Botrytis cinerea

Powell et al., 2000

Tomato (L. esculentum Mill.) Collybia velutipes
oxalate decarbox-
ylase

Enhanced resistance to
Sclerotinia sclerotiorum

Kesarwani et al., 2000

Alteration of structural components

Potato (S. tuberosum L.) Cucumber
peroxidase

No effect on disease due to
Fusarium sambucinum and
Phytophthora infestans

Ray et al., 1998

Tomato (L. esculentum Mill.) Tobacco anionic
peroxidase

No effect on disease due to
Fusarium oxysporum and
Verticillium dahliae

Lagrimini et al., 1993

Wheat (T. aestivum L.) Wheat germin (no
oxalate oxidase
activity)

Reduced penetration by Erysiphe
blumeria into epidermal cells

Schweizer et al., 1999

Regulation of plant defense responses

Arabidaopsis (A. thaliana L.) Arabidopsis
NPR1 protein

Reduced infection and growth
of Peronospora parasitica

Cao et al., 1998

Arabidaopsis (A. thaliana L.) Arbidopsis ethyl-
ene-response-
factor 1(ERF1)

Enhanced tolerance to Botrytis
cinerea and Plectosphaerella
cucumerina

Berrocal-Lobo et al., 2002

Canola (Brassica napus L.) Tomato Cf9 gene Delayed disease development
due to Leptosphaeria maculans

Hennin et al., 2001



Cotton (Gossypium hirsutum L.),
tobacco (N. tabacum L.)

Talaromyces
flavus glucose
oxidase

Enhanced protection against
Rhizoctonia solani, and Verticilli-
um dahliae; no effect on
Fusarium oxysporum

Murray et al., 1999

Pepper (Capsicum annuum L.) Tobacco ethylene-
responsive pro-
tein

Enhanced resistance to
Phytophthora capsici

Shin et al., 2002

Potato (S. tuberosum L.) Aspergillus niger-
glucose oxidase

Delayed lesion development due
to Phytophthora infestans;
reduced disease development
due to Alternaria solani and Verti-
cil-lium dahliae

Wu et al., 1995; 1997

Potato (S. tuberosum L.) Tobacco catalase Reduced lesion size due to
Phytophthora infestans

Yu et al., 1999

Potato (S. tuberosum L.) Bacterial salicylate
hydroxylase

No effect on Phytophthora
infestans

Yu et al., 1997

Tobacco (N. tabacum L.) Aspergillus niger
glucose oxidase

Delayed disease development
due to Phytophthora nicotianae

Lee et al., 2002

Tobacco (N. tabacum L.),
Arabidopsis (A. thaliana L.)

Bacterial salicylate
hydroxylase

Enhanced susceptibility to Phy-
tophthora parasitica, Cercospora
nicotianae, and Peronospora
parasitica

Delaney et al., 1994;
Donofrio and Delaney, 2001

TABLE 7.1 (continued)



Tobacco (N. tabacum L.) Bacterial salicyclic
acid-generating
enzymes

Enhanced resistance to Oidium
lycopersici

Verberne et al., 2000

Tobacco (N. tabacum L.) Arabidopsis ethyl-
ene-insensitivity
gene

Enhanced susceptibility to
Pythium sylvaticum

Knoester et al., 1998

Tobacco (N. tabacum L.) Phytophthora
cryptogea elicitor
( -cryptogein)

Reduced infection by Phy-
tophthora parasitica

Tepfer et al., 1998

Tobacco (N. tabacum L.) Phytophthora
cryptogea elicitor
(cryptogein)

Enhanced resistance to Phyto-
phthora parasitica, Thielaviopsis
basicola, Botrytis cinerea, and
Erysiphe cichoracearum

Keller et al., 1999

Tomato (L. esculentum Mill.) Enterobacter ACC
deaminase

Reduced symptom development
due to Verticillium dahliae

Robison et al., 2001

Expression of combined gene products

Apple (Malus ×domestica) Trichoderma
atroviride
endochitinase +
exochitinase

Increased resistance to Venturia
inaequalis

Bolar et al., 2001



Carrot (D. carota L.) Tobacco chitinase
+ -1-3-
glucanase,
osmotin

Enhanced resistance to
Alternaria dauci, A. radicina,
Cercospora carotae, and
Erysiphe heraclei

Melchers and Stuiver, 2000

Tobacco (N. tabacum L.) Barley chitinase +
glucanase,

or chitinase +
ribosome-
inactivat-
ing protein

Reduced disease severity due to
Rhizoctonia solani

Jach et al., 1995

Tobacco (N. tabacum L.) Rice chitinase +
alfalfa glucanase

Reduced rate of lesion develop-
ment and fewer lesions due to
Cercospora nicotianae

Zhu et al., 1994

Tomato (L. esculentum Mill.) Tobacco chitinase
+ -1,3-glucanase

Reduced disease severity due to
Fusarium oxysporum f. sp.
lycopersici

Jongedijk et al., 1995; van
den Elzen et al., 1993

Source: Reproduced by permission from the Canadian Phytopathological Society. Adapted from Punja, 2001.

TABLE 7.1 (continued)
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155
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150
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growth strategies, 2
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nontarget effects, 223
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223-224
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218
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execution, 71-74



Hypersensitive response (HR)
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genetically engineered activation,
217

initiation, 60-69
limitation, 68-71
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pathogen modulation, 79-82
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structure, 193
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