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m Abstract Recognition is the earliest step in any direct plant-microbe interaction.
Recognition betweePhytophthorapathogens, which are oomycetes, phylogeneti-

cally distinct from fungi, has been studied at two levels. Recognition of the host by
the pathogen has focused on recognition of chemical, electrical, and physical fea-

tures of plant roots by zoospores. Both host-specific factors such as isoflavones, and

host-nonspecific factors such as amino acids, calcium, and electrical fields, influence
zoospore taxis, encystment, cyst germination, and hyphal chemotropism in guiding the
pathogen to potential infection sites. Recognition of the pathogen by the host defense

machinery has been analyzed using biochemical and genetic approaches. Biochemical
approaches have identified chemical elicitors of host defense responses, and in some
cases, their cognate receptors from the host. Some elicitors, such as glucans and fatty
acids, have broad host ranges, whereas others such as elicitins have narrow host ranges

Most elicitors identified appear to contribute primarily to basic or nonhost resistance.

Genetic analysis has identified host resistance (R) genes and pathogen avirulence (Avr)

genes that interact in a gene-for-gene manner.Rhy¢ophthoradvr gene Avribfrom

P. sojag has been cloned and characterized. It encodes a secreted elicitor that triggers

a system-wide defense response in soybean plants carrying the cognate Rugdie,

INTRODUCTION

Recognition is the earliest step in any direct plant-microbe interaction. At the
whole-organism level, we may infer recognition by the response of one organismto

a substance produced by another organism, i.e., asignal, in the broadest sense of the

term. Atthe molecular level, we may define recognition as including interaction of

the substance with a receptor of some kind and transduction of the signal generated

by the receptor within and outside the recipient cell; these are distinct from the
responses of the cell or tissue triggered by recognition.

The term recognition could imply that the role of the recognizing or responding
organism is an active one, while the role of the recognized organism is passive.
However, for the purpose of this review we use a broader definition of recognition
that is agnostic of activity or passivity, since such definition of roles is usually a
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matter of perspective. For example, is a nitrogen-fixgtgzobium melilotbac-

terium actively recognizing a flavone molecule that happens to be released by
alfalfa roots, or is it passively responding to a stimulant actively released by alfalfa
roots to promote colonization by the bacteria? An agnostic definition of recogni-
tion therefore encompasses the intricate series of signal-response exchanges that
is required for development of highly evolved interactions including mutualistic
associations and infection by biotrophic pathogens. It also includes, for example,
the series of events by which a necrotrophic pathogen detects the presence of plant
host tissue, adjusts its physiology to the particular species and particular tissue
encountered, adjusts further to counter whatever defense responses the plant may
present, and finally adjusts to the range of nutrients created by the destruction of
the host tissue.

Phytophthoraand related phytopathogens suctPgthiumspecies, downy mil-
dews, and white rusts are oomycetes, a diverse group of heterotrophic organisms
that morphologically and physiologically resemble fungi, but are phylogenetically
distant from them. Oomycetes fall within the Stramenopiles, one of the major
radiations of crown eukaryotes that are distinct from plants, animals, and fungi
(50). This group also includes diatoms, brown algae such as kelp, and golden-
brown algae.

The approximately 60 species Bhytophthoraare all destructive pathogens,
causing rots of roots, crowns, stems, leaves, and fruits of a huge range of agricul-
turally and ornamentally important plants. Some species suBhcisnamomiP.
parasitica(syn.P. nicotiana¢, andP. cactorumeach attack hundreds of different
plant host species. Others, suchPasojae(syn, Phytophthora megasperniap.
glycineg andP. infestanshave narrow host ranges, infecting just a few host plant
species. The economic damage overall to crops in the United Statsyigph-
thora species is estimated in the tens of billions of dollars, including the costs of
control measures, and worldwide it is many times this figure (47). Late blight of
potato caused blp. infestangesulted in the Irish potato famine in the nineteenth
century and continues to be a difficult and worsening problem for potato and
tomato growers worldwideP. sojaeis an ongoing problem in soybean-growing
areas around the world, particularly the United States.

Phytophthoraspecies grow primarily as coenocytic hyphae, with no septa (46).
They are heterotrophic and saprophytic, and grow readily in culture. Three kinds
of asexual spores are commonly produced, sporangia, zoospores, and chlamy-
dospores. In some species suclPaisfestanssporangia are released freely from
aerial hyphae and serve as agents of dispersal, often by the wind or by arthropod
vectors. Sporangia can germinate directly to produce hyphae, or else can differ-
entiate to produce 10-30 zoospores. Zoospores are aquatic, lack a cell wall, and
have two flagella for swimming. Zoospore production is typically triggered by
flooding. Zoospores are generally short-lived (hours) and quickly differentiate to
form adhesive cysts, which in turn germinate to produce hyphae. Zoospores are
the most important route of infection of roots, especially when the soil is flooded.
The zoospores encyst on the root surface from where the hyphae penetrate the root
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directly from the cyst. Zoospores, as well as sporangia, can also be spread to the
upper plant by splashing.

Research into recognition betwePhytophthoraspecies and their hosts cur-
rently is separated into recognition of the host by the pathogen and recognition of
the pathogen by the host’'s defense machinery. There is as yet little research into
complex cascades of signal exchange occurring throughout the infection process.
Recognition of the host by the pathogen includes detection by the pathogen of
chemical, electrical, and physical properties of host tissue, including chemicals
diffusing from the plant tissue surface. Research in this area has concentrated sub-
stantially on tactic responses by the motile zoospores. Recognition of the pathogen
by the host has focused primarily on identifying and isolating pathogen substances
that directly trigger a defense response in the host, i.e., elicitors, and on genetically
identifying pathogen genes responsible for the production of such substances, i.e.,
avirulence genes.

RECOGNITION OF THE HOST BY
PHYTOPHTHORA PATHOGENS

Motile zoospores are an important means of initiating infectio®bytophthora

(20). Zoospores do not divide, however, but differentiate into adhesive cysts (a
process called encystment), which in turn germinate to produce hyphae that are
actually responsible for invading the host tissue (20, 34). Accordingly, taxis of the
zoospores toward host tissue, encystment, germination of the cysts, and tropism of
the hyphae toward host tissue all represent behaviors that can be affected by plant
signals, and thus are a point at which recognition of the host may be effected.

Zoospore Chemotaxis

Phytophthorazoospores swim along a helical path at speeds of 100x208ec
depending on temperature and species (20). However, since zoospores turn fre-
qguently, their linear progress is typically much less. Over a period of hours

P. cryptogeazoospores swam 2.5-3.5 cm over flooded soil, wRileinnamomi
zoospores swam up to 6 cm through coarse flooded soils (20), though the fraction
reaching this distance prior to encystment was very small (0.1-0.2%), comparable
to the number expected for diffusion of a small molecule. Under conditions of
low nutrient and low C& concentrations, encysted zoospores often differentiate

a sporangium, which releases a single new zoospore, called a secondary zoospore.
This process can be repeated a number of times, with the result that a single motile
zoospore can progress a substantial distance by means of these repeated incarna
tions. The motility of zoospores also greatly increases the distance that they can be
carried by a flow of water through a particulate matrix such as soil (20). Zoospores
of mostPhytophthorandPythiumspecies show a relatively nonspecific attraction

to amino acids, particularly aspartate, glutamate, asparagine, glutamine, arginine,
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and methionine (20, 34). Most are also attracted by 0.2—20 mM ethanol, which
may promote infection of flooded roots (20, 104).

Attraction to these compounds may account for the nonspecific attraction of
many Phytophthoraand Pythium zoospores to root exudates of many plants.
However, some species Bhytophthoraand Pythium especially those with res-
tricted host ranges, appear to exhibit more specificity in their attraction toward
root exudates. For example, Mitchell & Deacon (98) showed that zoospores from
Py. graminicolaandPy. arrhenomaneswhich characteristically infect gramina-
ceous hosts, preferentially accumulated behind root tips of grasses compared to
dicots, whereas zoospores of the broad host range sgegiephanidermatum
andPy. ultimumdid not show preference for grass roots. Similarly, zoospores of
Py. dissotocunfa cotton pathogen) were attracted to cotton roots but zoospores
of Py. catenulatungnot a cotton pathogen) were not. P. F. Morris (personal com-
munication) showed that zoosporeshfsojaewere attracted only to roots and
root exudates of legumes but not to those of non-legumes, and of these, strong
attraction was shown only to exudates of soybean and chickpea; these exudates
showed attraction even at 500-fold dilution, whereas attraction to exudates of other
legumes occurred at dilutions of 1 to 100.

The question of specificity in chemotaxis is an important one as it relates to the
contribution of chemotaxis, and subsequent steps of infection by zoospores, to host
selection and host specificity. There are several examples in which specific attrac-
tion of oomycete zoospores to plant signals has been characterized. For example,
isovaleraldehyde, valeraldehyde, and ante-isovaleraldehyde are chemoattractants
down to concentrations of 1M for P. palmivorazoospores (19). Prunetin’(8-
dihydroxy-7-methoxy-isoflavone) and related compounds are potent attractants
(down to 10 nM) for zoospores &phanomyces euteiché8, 137, 138), while
the zoospores oA. cochlioidesare attracted to cochliophilin A (5-hydroxy-6,7-
methylenedioxy-flavone) from the roots of its host, spinach, at concentrations down
to 1 nM (68, 137, 138).

By far the best-characterized example of specificity is the attracti®nsifjae
zoospores to the isoflavones daidzein and genistein (Figure 1), which are presentin
soybean seeds and exuded by the roots (104, P48yjaezoospores are attracted
to concentrations of these compounds down to 0.1 nM, but the zoospores from
six other species d?Phytophthoraand one species ¢fythiumwere not attracted
even at 3QuM (104). Therefore Morris & Ward (104) suggested that the sensitive
attraction ofP. sojaezoospores to soybean isoflavones may account for the speci-
ficity of their attraction to soybean roots. The specificityRofsojaezoospores
for isoflavones has been defined using a wide variety of compounds with vari-
ous levels of structural similarity to isoflavones (149). Phenolic hydroxyl groups
corresponding to the’ &and 4 positions on isoflavones were the most important
determinant of attractiveness. For example/, didydroxy stilbene (Figure 1) was
an excellent attractant. In contrast, a wide variety of flavones showed no attrac-
tion, and methylation of the 4iydroxyl, commonly found on isoflavones released
by most legumes other than soybean, reduced attractiveness 30-fold (149). An
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Figure 1 Isoflavone attractants d*hytophthora sojagoospores, and
active analogs.

important finding of this study was th& sojaezoospores could respond to a
very wide variety of phenolic compounds, albeit at significantly higher concen-
trations (1«M) than for the isoflavones (149). Furthermore, in some cases the
response observed was repulsion rather than attraction. These observations raise
the possibility thaP. sojaezoospores can integrate a large amount of information
about their chemical environment, over and above their attraction to isoflavones.
Substantial levels of genetic variation were found in the attraction of zoospores of
differentP. sojaegenotypes to isoflavones (149). For example, an isolate of geno-
type IV could be attracted by 0.25 nM genistein, whereas an isolate of genotype |
required 10 nM for attraction. Genetic crosses between the isolates showed that a
single gene was responsible for the difference in attraction to genistein and other
isoflavones. However, the genetic differences in the responses to non-isoflavone
phenolics were determined by at least six additional independently segregating
genes (156), supporting the notion tRasojaehas an extensive array of receptors
capable of sensing the phenolic environment of the zoospores. Detailed mapping
of these genes may provide a route to cloningRheojaereceptors responsible

for detecting isoflavones and other phenolic compounds.

Zoospores of many oomycetes, includirgytophthoraand Pythium display
species-specific chemotaxis toward previously encysted zoospores, resulting in
large clumps of encysted zoospores, especially at high zoospore densities (34, 128).
This phenomenon may increase the likelihood of infection as a large population of
cysts collects at a single site of potential infection. The substance(s) responsible for
auto-attraction are not known, though one candidate is calcium, which is released
by encysting zoospores (70, 128).

Electrotaxis

In addition to integrating information about chemical concentrations, zoospores
may also integrate information about their electrical environment. Plant roots
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develop weak electric fields, especially at the tips, at wounds, and branch points
(102). Invitro, zoospores ¢fy. aphanidermaturandPhytophthora palmivorax-

hibit electrotaxis at electrical field strengths comparable to those generated by plant
roots (c. 0.5 V/m) (102). Electrotaxis of zoosporesPgf aphanidermaturwas
toward the cathode, whereBspalmivorazoosproes swam toward the anode. The
specificity of the electrotaxis correlated with the charge observed on the anterior
and posterior flagella. The surface charge of the posterior flagella of anodotactic
P. palmivorazoospores was positive, while the posterior flagella of cathodotactic
Py. aphanidermaturmoospores were negative (102).Rnpalmivora swimming
velocity and especially turning frequency were increased in an electric field. It was
suggested that electrotaxis might enable zoospores to distinguish living roots from
dead ones, or contribute to selection of an infection site on the root surface (102).

Docking Behavior

When zoospores encyst on root surfaces, they almost invariably do so with the
ventral side (bearing the flagella) against the root surface [reviewed in (34)]. The
hypha of the germinating cyst emerges from the site from which the flagella were
resorbed during encystment. Therefore when the zoospore encysts in the manner
described above, the hyphae will penetrate the root surface directly. In addition to
swimming behavior that enables zoospores to reach the root surface, there must
be an additional program of behavior to enable the zoospores to detect the close
proximity of the root surface and orient themselves accordingly in preparation for
encystment. Hardham & Gubler (67) found tiatcinnamomizoospores swam
along the root surface with the ventral side down prior to encystment. More com-
monly, however, rapid circular swimming is observed prior to encystment. Circu-
lar swimming and encystment can be triggered in vitro by high concentrations of
chemoattractants, calcium, or electric fields (38, 102). Some combination of these
factors, all of which occur close to the root surface, could thus be responsible
for signaling the proximity of the root surface to the approaching zoospore and
triggering the switch from seeking behavior to docking behavior.

Encystment and Germination

The transition from swimming zoospore to growing hypha capable of invading
host tissue requires two rapid developmental steps—encystment and cyst germi-
nation. These two steps are potential control points in determining the likelihood of
attempted infection of a given host by a zoospore of a particular species. Zoospore
encystment involves resorption or shedding of the flagella, rounding up and rapid
extrusion of a temporary cell wall, and is complete in around 10 minutes (20). The
cyst is initially quite adhesive, enabling it to attach firmly to a root surface or other
physical substrate. As the cyst matures it loses its adhesiveness, allowing it to be
transported by water currents.

Encystment is triggered by a very wide range of factors including agitation,
crowding or physical obstruction, or the presence of calcium or nutrients
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[reviewed extensively in (34)]. Physical obstruction and the presence of calcium
and nutrients are of course diagnostic of the presence of a plant root. One remain-
ing question is whether there is any degree of host selection at thifstwgae
zoospores can be stimulated to encyst by high concentratigas{bof soybean
isoflavones (104, 164), suggesting that the presence of a soybean root may be
more likely to trigger encystment offa sojaezoospore than the root of a nonhost
plant. Donaldson & Deacon (39) found some specificity in the ability of particular
polysaccharides to stimulate encystment by zoosporeg.@phanidermaturand

Py. dissotocunpsuggesting the different components of root slime may contribute

to specificity.

Germination of cysts to form hyphae also is stimulated by nutrients and calcium,
typical of the rhizosphere [reviewed extensively in (34)]. Fewer cysts germinate in
distilled water and those that do are more likely to produce a secondary zoospore.
Again the question is whether germination is a control point that contributes to host
selection. IrP. sojag germination of cysts is stimulated by isoflavones (103, 104).
The percentage of cysts germinating can be very high, but the percentage of ger-
minated cysts that can expand into macroscopic colonies can be very much lower.
In P. infestansfor example, as few as 0.1% of germinated zoospores may produce
a colony, even on an optimal medium (27). This point is overlooked by many au-
thors who report only germination rates. It suggests that in some species such as
P. infestansthere may be an additional developmental step required for transition
from a cyst germling to a continuously growing mycelium and that this transition
may require specific chemical or even physical signals, perhaps from the plant.

Chemotropism

Zoospores may encyst and germinate some distance from the root surface. In this
context, the ability of the hyphae to grow chemotropically toward the root is very
important. Hyphae oP. palmivoraandP. cinnamomhave been reported to grow
chemotropically to host extracts or exudates (20) but the attractive signal was
not identified in these cases. There have been some reports of chemotropism to-
ward amino acids (20). Detailed studies with the nonpathogenic ooméchtga
bisexualisreveal that chemotropism toward amino acids is very complex, gener-
ally requiring the presence of mixtures (106). If the same is true of pathogenic
oomycetes there may be some basis for specificity in the attraction to specific
amino acid mixtures?. sojaehyphae exhibit chemotropism toward soybean roots
(103), and this could be accounted for by the attraction of the hyphae to pure
isoflavones (103). In this case, isoflavones appear to have the potential td°guide
sojaehyphae specifically towards roots of their host, soybean.

Thigmotropism

Infection of a root or leaf involves intimate contact between the pathogen and the
surface of the host tissue. Specific responses of the pathogen to features of the tissue
surface have been well documented in fungi (57, 58, 127), especially rust fungi (2).
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Phytophthora sojaéyphae preferentially penetrate the root surface at the base of
a depression that corresponds to the junction between the anticlinal walls of the
epidermal cells (45). One possibility is that this site is preferred because of alocally
higher concentration of chemical attractants. However, the primary signal appears
to be thigmotropic (103)P. sojaechyphae emerging from cysts on the surface

of a porous PET membrane grew tightly appressed to the membrane even when
bathed in a solution of isoflavones. When the hyphae encountered a pore, they
invariably grew through the pore, even against a gradient of isoflavones. However,
once a hypha had passed through a pore, it grew away from the surface and into the
medium on the other side of the membrane, indicating that a developmental switch
had occurred as a result of passing through the pore (103). This switch occurred
even in the complete absence of isoflavones. The presence of isoflavones diffusing
through the pores did not appear to increase the frequency with which hyphae
detected pores. Therefore, on the PET membrane surface, the dominating signal
appeared to be thigmotropic. The behavior triggered by the membrane appeared
consistent with the physical environment of the root surface in wRickojae
hyphae seek the depression characteristic of the presence of an epidermal cell
junction.

Summary

Insummary, each of the developmental stages by which infection by zoospores pro-
ceeds, zoospore taxis, encystment, germination, and hyphal tropism, provides op-
portunities for specific recognition of a potential hosttiytophthorgpathogens,
through specific combinations of signals. The best evidence for specific host recog-
nition at this stage of infection comes froR sojag in which host isoflavones
specifically stimulate all four infection stages. Many questions remain, however.
For example, how many oth&hytophthoraspecies exhibit responses to specific
host signals? Is isoflavone recognition required for infectiofPbgojae or does

it simply increase the chance that infection will be attempted; this problem could
be addressed if isoflavone-insensitive mutantB.&ojaecould be obtained. An-
other important question relates to the true sphere of influence exerted by specific
chemicals released by plant roots. Can compounds such as isoflavones attract
zoospores or hyphae from distances of centimeters, or do the combined effects
of diffusion, water movement, adsorption to soil particles, and microbial degra-
dation reduce the effective range of the chemicals to only a few millimeters? Do
zoospores primarily respond to individual compounds such as isoflavones, or does
recognition involve integrating a large amount of information about the chem-
ical environment including phenolic compounds, amino acids, sugars, calcium,
polysaccharides, electric fields, pH gradients, etc? How important are the contri-
butions of other rhizosphere microorganisms to the chemical environment? For
example, an isoflavan, equol (Figure 1), is 10—-100 times more attracivedjne
zoospores than the native soybean isoflavones daidzein and genistein (149). Equol
is a product of anaerobic metabolism of isoflavones by bacteria (23). Does this
mean that in anoxic flooded soils, or perhaps in microaerophilic nitrogen-fixing
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root nodules, genistein and daidzein are converted to equol, resulting in greatly
magnified attraction t®. sojaezoospores? Finally, biochemical and genetic char-
acterization of chemotaxis receptors would greatly expand our knowledge of the
contribution of recognition processes to pathogenicityPytophthoraspecies,

and could perhaps enable novel control measures targeted against the earliest steps
in infection. We currently have absolutely no information about the natupdgf
tophthorachemotaxis receptors or other receptors for plant signals. One possible
class of candidate receptors for chemotaxis are seven-transmembrane-spanning-
domain receptors, which ubiquitously mediate detection of environmental signals
in other eukaryotes, and include the chemotaxis receptors of slime molds and of
cells of the mammalian immune system (22). On the other hand, histidine kinase
two-component systems are responsible for chemotaxis reception in bacteria (1)
and mediate the detection of soybean isoflavones by the nitrogen-fixing bacterium
Bradyrhizobium japonicunf90). Two-component systems are also found in eu-
karyotes (1); although they normally seem to mediate osmotic sensing, could they
also be recruited as chemotaxis receptors in oomycetes?

RECOGNITION OF PHYTOPHTHORA
PATHOGENS BY THE HOST

Inducible plant defense responses require detection of invading pathogens. A very
large body of research has been gathered over the past 20 years characterizing those
responses [e.g., reviewed in (32)], and to some extent characterizing the pathogen
signals responsible for triggering those responses [e.g., reviewed in (62,111). In
Phytophthorapathosystems, as in other pathosystems, both biochemical and ge-
netic approaches to identifying pathogen signals have been undertaken. Biochem-
ical approaches have identified specific pathogen-derived compounds, elicitors,
that have the ability to trigger defense responses in host and nonhost species. In
some cases, biochemical approaches have also identified the receptors of the elic-
itors or their components. Genetic approaches have identified “avirulence” genes
in the pathogen that interact in a gene-for-gene manner with host resistance genes
with a specificity that suggests recognition of a specific pathogen molecule by the
plant. Key questions in all cases are: What are the actual contributions, if any, of
biochemically identified elicitors to host or nonhost resistance, and what are the
functions of avirulence genes in pathogens?

Elicitors in Phytophthora Infection

A wide variety of Phytophthoraderived elicitors have been identified, including
carbohydrates, proteins, and small molecules (62). With few exceptions, these
molecules are found in all isolates of the relevant species, and in some cases are
found in all Phytophthoraspecies, and they trigger a defense response on both
susceptible and resistant varieties of the host plants. As a result, the biological
relevance of these compounds to plant-microbe interactions has sometimes been
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questioned. However, even plant varieties that appear susceptible in greenhouse
or field tests are not irredeemably susceptible. Under less favorable infection con-
ditions (temperature, humidity, reduced inoculum density, etc.), large numbers of
“susceptible” plants will survive infection. It seems plausible therefore that some
of the elicitor responses observed contribute to this base level of resistance. Elicitor
responses may also be viewed from the perspective of nonhost resistance. Because
most plants are resistant to most pathogens, some or all of the elicitor responses
observed may contribute to this basic level resistance to the plant. Ultimately, the
contributions of these elicitor responses can be evaluated once the genes encod-
ing corresponding plant receptors are cloned and expression of those receptors
eliminated.

CELL WALL FRAGMENTS Cell wall preparations of varying degrees of complex-

ity have been reported to be effective elicitors of defense responses in many
Phytophthorahost interactions including soybean wRhsojae(86), potato with

P. infestang121), tobacco withP. parasitica(13), pepper withP. capsici(105),

rose withPhytophthora cinnamonar Phytophthora megaspern{40), andCin-

chona robustavith P. cinnamom(125). However, only in the case Bf sojag(see
below) andP. infestang4, 12, 121) have the active components been identified as
cell wall glucans. In other cases, the active component has been identified as a cell
wall protein (see below).

The interaction oP. sojaecell wall 8-glucans with soybean has been extensively
characterized [reviewed in (42, 62)]. The minimum elicitor unitis a branched (1,3-
1,6) heptag-glucoside (Figure 2). The heptaglucan has been purified to homo-
geneity and synthesized chemically, and the structural requirements for its activity
(Figure 2) have been detailed using a large variety of modified forms of the hep-
taglucan (24). In vivo, glucans with elicitor activity are released by germinating
cysts of P. sojae(154) and also by the action of soybegl,3 glucanases on
matureP. sojaecell walls (63, 64). Since these soybean glucanases are induced
during infection, it has been suggested that the release of elicitor-active glucan
fragments during infection may contribute to host defense (63, 64). It has been fur-
ther proposed th&. sojaesecretes glucanase inhibitors in order to block release
of the elicitor-active glucans (65). In addition to soybean, the following nonhosts
of P. sojaehave been reported to respond to purifiedsojaecell wall glucans:
chickpea, broad beafvigia fabg, French beanRhaseolus vulgarjs pea, white
lupin (Lupinus albuy, Lotus japonicusalfalfa, Medicago truncatulalLycopersi-
con peruvianumand sunflower (29, 31, 140, 143).

A hepta glucan binding activity has been identified in soybean plasma mem-
brane fractions. Evidence that this is the functional receptor for the hepta glucan
elicitor comes from an elegant correlation of the binding constants of a series of
hepta glucan analogs with the elicitor activity of the analogs (24, 24a). The binding
activity has been solubilized and extensively purified by affinity chromatography
(30, 100). It consists of a 240-kDa multiple subunit complex, and the glucan bind-
ing subunits have been identified by using radiolabeled glucan. A cDNA clone
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Figure 2 Structure-function determinants of the hepta glucan elicitor fRtwytoph-

tora sojaecell walls. Glc= glucose. GlcN= substitution of glucosamine. GlcNAe
substitution of N-acetyl-glucosamingGlc = addition of glucose+R = addition of

any derivative—r = reducing end. The width of the downward arrows indicates the re-
duction in elicitor activity on soybean and soybean membrane receptor binding caused
by the modification, from 10-fold to 100,000-fold. The crossed arrow indicates a neg-
ligible reduction.

for the 75-kDa subunit has been cloned (74, 99, 150). Expression of the cDNA in
Escherichia colicells results in a protein with glucan binding activity. Somewhat
surprisingly, the protein is hydrophilic, has no obvious transmembrane domain,
and has no secretory leader sequence. Nevertheless, expression of the cDNA in
tobacco (74) or tomato (99) cells results in reconstitution of the binding activity

in membrane fractions with an affinity of 4.5 nM, comparable to that in soybean
(1-3 nM). In addition, antibodies directed against Eheoli synthesized protein
inhibited hepta glucan induction of phytoalexins in soybean cells (74, 150). Pre-
sumably, the 75-kDa subunit is posttranslationally modified or interacts with other
proteins in order to be localized to the plasma membrane. Expression of the 75-kDa
protein in tomato did not confer a hepta glucan response on the tomato cells (99).
In contrast, Kakitani et al. (74) report that tobacco suspension culture cells trans-
formed with the cDNA exhibit a calcium influx response to glucans characteristic
of the soybean response, whereas leaves from tobacco plants transformed with the
cDNA produce phytoalexin in response to glucans. The tobacco plants expressing
the cDNA showed increased resistance agdristoctonia solanand especially
againsPhytophthora parasiticf74). These results suggest that the cloned 75-kDa
subunit is a key component of the glucan receptor from soybean and that the re-
ceptor has the ability to mediate resistance ag&thgtophthoranfection.

ELICITINS Elicitins are conserved 98-amino acid sterol-binding proteins secreted
in culture by all Phytophthoraspecies tested and by sorRgthium species.
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Elicitins trigger a wide range of defense responses in IMisttianaspecies tested
[reviewed extensively in (78, 120, 129, 133)], and in some cultivars of turnip and
radish (84). This defense response is sufficient to protect against infection not
only by Phytophthorg(84, 130), but also by bacteria (84), fungi (87), and viruses
(40,76,129). Isolates d?. parasiticathat are most virulent on tobacco do not
produce elicitins (130a); transcription of their elicitin genes is turned off (79).
Other tobacco pathogenic isolates that produce elicitins in culture downregulate
elicitin expression following infection and produce milder symptoms (28, 83). On
the basis of these observations, elicitins have been proposed to be a major determi-
nant of the nonhost resistanceNitotianaspecies againgthytophthoranfection

(83, 130). The most direct support for this hypothesis comes from silencing of the
elicitin genelnfl in P. infestanswhich resulted irP. infestangaining the ability

to infectNicotiana benthamianghough notN. tabacum(82).

Elicitin proteins have been sequenced from many species [reviewed in (120)],

and elicitin genes have been cloned frBmparasitica(40, 79),P. sojagq7, 93, 124),

P. infestang77, 80),P. cryptogeg117), andP. cinnamom{41). These sequences

are highly similar and define the canonical or class | elicitins. In most of these
species the genes are presentin large gene families. Extensive sequencing of cDNA
clones (expressed sequence tags, ESTR)iifestang77) andP. sojag(124) have
indicated that, in addition to the canonical elicitins described above, these species
express a diverse superfamily of elicitin-like proteins. Genes encoding divergent
elicitins have also been cloned froln parasitica(40), P. cryptogea(117), and

P. cinnamom({41). Some members of the superfamily are secreted, whereas others
have short N-terminal extensions and/or serine- and threonine-rich cell wall anchor
sequences attached to their C terminus (40, 81). Some appear to have phospholipase
activity (109).

The role of elicitins in the biology oPhytophthoraspecies is not yet clear.
Since canonical elicitins are sterol carrier proteins (9, 97), and Sihgphthora
species do not synthesize their own sterols, one likely role is that they are sterol
scavengers. Elicitins are small enough to pass freely across the cell wall and
so could readily transport captured sterols to the plasma membrane. Strains of
P. parasiticaandP. infestanshat no longer express canonical elicitins in culture are
apparently normal. However, it has been shown that in the cé&@déstansthese
strains express high levels of other members of the elicitin superfamily (77, 81).
Kamoun et al. (79) identified a strain Bf cryptogean which all elicitin genes
that could be detected by hybridization to a canonical elicitin gene probe were
deleted. This strain was completely nonpathogenic, sexually sterile, and failed to
produce vegetative zoospores. However, it was not determined that the phenotype
was due to the loss of the elicitin genes. Probably the other members of the elicitin
superfamily also bind lipids, but it is not clear if their role differs from that of the
canonical elicitins. Some evidence suggests that lipid binding may be involved in
the ability of elicitins to trigger defense responseslinotianaspecies (116).

It is not clear whether elicitins contribute directly to the pathogeniciti?loy-
tophthoraspecies. Elicitins have the ability to spread systemically throughout the
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plant (36). In the case of one subclass of canonical elicitins, the beta elicitins, this
results in patches of necrosis distal to the site of elicitin exposure (130). Alpha
elicitins also spread throughout the plant but do not trigger necrosis (84, 130).
The ability to systemically spread in the plant might be consistent with a role
in pathogenicity. There is also evidence that elicitins may enter inside tobacco
cells in the absence of the pathogen, a property that hints of a positive role
in pathogenicity. Expression of an elicitin gene in the viral vector potato virus
X (PVX) triggers a defense response even when the leader signal for secretion is
missing from the gene (75, 76; A. McClean & B. M. Tyler, unpublished). Fur-
thermore, when an elicitin gene, including the secretory leader, was fused to a
C-terminal endoplasmic reticulum (ER) retention signal (-KDEL), the expressed
protein could still trigger an HR in tobacco leaves when introduced visgaobac-
teriumleaf infiltration transient expression system (agroinfiltration) (A. McClean

& B. M. Tyler, unpublished). To rule out the possibility that elicitin protein was
being secreted despite the ER retention signal, the same gene was introduced into
Nicotiana sylvestrisN. sylvestrigesponds only very weakly to exogenously ap-
plied elicitin. Furthermore, it does not display an HR when a normal elicitin gene
(including the secretory leader) is introduced into leaf cells by agroinfiltration,
whereas tobacco leaf cells do respond strongly. When the elicitin-KDEL gene
was introduced intdN. sylvestrisby agroinfiltration, a strong HR was observed
(A. McClean & B. M. Tyler, unpublished). Taken together, these observations
suggest thal. sylvestrisdoes not respond normally to elicitins because elicitins
cannot enter inside the cells bf. sylvestris but when elicitin is delivered into

the cells by expression inside the cells, a normal HR ensues (Figure 3). Simi-
lar results were obtained with certain elicitin mutants on tobacco (see below).
Agroinfiltration or stable transformation of tobacco with elicitin genes lacking the
secretory leader does not resultin an HR (81, 87, 145; A. McClean & B. M. Tyler,
unpublished), presumably because either most of the protein is misfolded when
synthesized in the cytoplasm instead of the ER, or the elicitin receptor is located
in the ER. A final hint that elicitin may have a role in pathogenicity comes from
our observation that elicitins bind tightly to the dimerization domain of a tobacco
transcription factor closely resembling gt-3a Afabidopsis thaliangC. Mau,

L. Yu & B. M. Tyler, unpublished). This observation was made in the course of
screening for the elicitin receptor using the yeast two-hybrid system (see below).
Gt transcription factors bind to the promoters of light-regulated genes and also
to the promoters of many defense-related genes. Binding of elicitins to transcrip-
tion factors involved in expression of defense-related genes could contribute to
pathogenicity.

The three-dimensional structure of several elicitins has been determined by
X-ray crystallography and NMR (8, 9, 14, 15, 49, 56). The structure consists of five
alpha helices stabilized by three highly conserved disulfide bridges, surmounted by
an omega loop and a two-strand beta sheet. The core is hydrophobic and has many
highly conserved residues. The bound sterol molecule is entirely encapsulated
in the core. The external residues are mostly hydrophilic and contain most of
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Figure 3 Model for entry of elicitins into tobacco cells by receptor-mediated endocy-
tosis and interaction with an intracellular receptor. The intracellular receptor could be
in the endoplasmic reticulum, or else elicitin could enter the cytoplasm by retrograde
translocation and interact with a cytoplasmic receptor. L15 and L41 indicate distinct
regions on the elicitin molecule surface (see text).

the variation among elicitins. However, there is an external hydrophobic pocket
centered on leucine 15 that is highly conserved and is thought to be the entry
point for sterols into the inside of the molecule (35). Site directed mutagenesis
has established that the disulfide bonds are essential for elicitor activity (40; A.
McLean & B. M. Tyler, unpublished) and that residue 13 is a primary, though not
sole, determinant of the difference between alpha and beta elicitins (115, 119).
Doyle (40) carried out a systematic mutagenesis of the elicitin fPoparasitica
(parasiticein) using alanine scanning and also targeted mutagenesis of conserved
surface residues. She found that two sites on the surface of the elicitin molecule
centered on leucine 15 and leucine 41 were important for elicitor activity, but did
not affect sterol binding. Mutations in the region of L15 could be rescued if the
mutant elicitin was expressed inside the plant cell, but mutations in the region of
L41 could not (E.A. Doyle, A. McClean & B. M. Tyler, unpublished), leading to
the hypothesis that the region of the elicitin molecule centered on L15 was required
for entry of elicitins into the cell, whereas the region centered on L41 was involved
in receptor binding (Figure 3).

Identifying the receptor responsible for the elicitin response is of considerable
interest because d@lhytophthoraspecies produce elicitins and therefore the elic-
itin receptor should confer broad-spectrithytophthoraresistance (166). Also,
coexpression of elicitin and its receptor in a plant could confer resistance against
a wide range of pathogens (87, 145, 166). Since elicitin is an extracellular protein,
it would seem most intuitive that the receptor would be located in the plant plasma
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membrane. An elicitin binding activity in membrane preparations has been de-
scribed with aKd of ~10 nM (16, 158). However, our results described above
suggest that the elicitin receptor responsible for triggering the defense is internal
to the cell, especially in the case Mfcotiana sylvestrisSince we observed that
elicitins trigger an HR in tobacco and M. sylvestrisvhen directed to the endo-
plasmic reticulum, we speculate that elicitins enter the cell via the endomembrane
system, for example, via receptor-mediated endocytosis (60, 69, 96, 165), as illus-
trated in Figure 3. This is the same route by which many bacterial endotoxins such
as diphtheria, pertussis, and cholera toxins enter mammalian cells (91). If elicitins
enter the cell by receptor-mediated endocytosis, we would expect that there are
two receptors for elicitins, one on the plasma membrane that mediates cell entry,
and one inside the cell that is responsible for generating the signal to the plant’s
defense machinery. This speculation is supported by the observation (elaborated
above) that there are two distinct locations on the surface of elicitin molecules that
are required to trigger HR, and that mutations at one of the sites can be rescued
by expression of the mutant elicitins inside the plant cell (40). In this context, the
membrane-located elicitin binding proteins (16, 158) might be the receptor that
mediates entry. This possibility could be tested by assaying for the binding protein
in N. sylvestrisand by assaying for binding to the elicitin mutants described in the
previous paragraph. The ability of elicitins to bind lipids could also play a role

in cell entry. Many other elicitors from fungi and oomycetes likely interact with
their receptors inside plant cells, namely those encoded by avirulence genes that
interact with an intracellular class of resistance gene (see following section on Avr
gene-R gene interactions).

We (C. Mau, L. Yu, E. A. Doyle & B. M. Tyler, unpublished) have used the
yeast two-hybrid system to isolate tobacco cDNAs encoding elicitin binding pro-
teins. One class of cDNAs encoded a protein containing nucleotide-binding-site
and leucine-rich-repeat motifs similar to but distinct from those found in major
disease resistance genes (R genes) encoding intracellular proteins. Silencing of
the cognate tobacco genes using the cDNAs resulted in a 1000-fold reduction in
the elicitin response of the tobacco plants, suggesting that protein encoded by the
cDNAs is required for the elicitin response in tobacco. Expression of the cDNAs
in tomato or petunia did not result in gain of an elicitin response in those plants,
evenwhen elicitinwas expressed intracellularly, suggesting that additional proteins
were required for the elicitin response.

P. sojae 42-kDa ELICITOR OF PARSLEY P. sojaecell wall preparations are active as
elicitors against cultured parsley cells. The active elicitor component in this case
has been shown to be a 42-kDa glycoprotein that is a component Bf Hugae

cell wall (118).P. sojaeis not a pathogen of parsley, so this system is normally
considered a model for nonhost resista:@arasiticais, however, a pathogen of
parsley (48) and contains a cell wall protein immunologically cross-reactive with
theP. sojaeprotein (118). Therefore, the responsiveness of parsley tB. thejae
protein may derive evolutionarily from its exposureRparasiticainfection.
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The genegpel, encoding the 42-kDa protein has been cloned fRysojae
(131). The gene encodes a transglutaminase whose function is likely to crosslink
proteins in the cell wall via glutamine residues (134). The gene is present in
13 of 14Phytophthoraspecies examined, includirigy parasitica but not in any
Pythiumspecies (134). The overall sequence identity among genes from the differ-
ent species was 70—-90% (134). Only a 13-amino acid peptide from the C terminus
of the protein, VWNQPVRGFKVYE (called PEP-13), is required to trigger de-
fense responses in parsley cells (113, 131). This peptide sequence is perfectly
conserved in the othé&hytophthoraspecies (134), supporting the hypothesis that
recognition of this protein contributes to nonhost resistance against dRbyse
tophthoraspecies. Within this peptide, substitution of W2 or P5 with alanine
abolishes elicitor activity, but substitution of Y12 with alanine does not (134).

The responses of parsley cells to PEP-13 have been extensively characterized
[reviewed in (111, 114)]. A candidate receptor polypeptide has been identified by
using radiolabeled PEP-13 (108, 111, 112). A single 100-kd polypeptide has been
identified that binds to PEP-13 withkd of 2-11 nM. Binding to the 100-kd
polypeptide also is affected by mutations W2A and P5A in PEP-13, but not Y12A,
supporting the hypothesis that the 100-kd protein is a component of the func-
tional receptor (112). The polypeptide has been solubilized in several nonionic
amphipathic detergents and purified 5000-fold by affinity chromatography with
PEP-13 (108). However, further purification and sequencing of the polypeptide
have been hampered by the very small amounts of the polypeptide present and by
its instability.

OTHER ELICITORS A 34-kDa glycoprotein (CBEL) from the cell wall &®. para-
siticahas been isolated that triggers defense responses in tobacco (136). A cDNA
clone encoding the protein moiety of CBEL has been isolated (94). It encodes a
268-amino acid protein containing two direct repeats of a cysteine-rich domain
characteristic of the cellulose binding domain of fungal glucanases (94). The pro-
tein binds to fibrous cellulose and to plant cell walls. Presumably, it is anchored to
the cellulose cell wall oP. parasiticavia this domain. Sequences highly similar to
CBEL are abundant in thie. infestansandP. sojaeEST databases (77,124). The
CBEL protein triggers defenses responses in tobacco at a concentration of 150 nM,
which is sufficient to protect against subsequent infection with a virulent isolate of
P. parasitica(136).

A 28-kDa protein (NPP1) has been identified in bBtlparasiticaandP. sojae
that triggers necrosis on a wide variety of plant species. R.hgarasiticapro-
tein was identified through biochemical analysis of elicitor activities in the cell
walls, purified, and then sequenced (T. Nuernberger, personal communication).
TheP. sojaeprotein was identified from an EST database by its similarity to a pro-
tein (NEP1) previously characterized from the fungusarium oxysporurisp
erythroxylithat triggered necrosis and ethylene production in a variety of plants
(123,124). The cDNA clone was inserted into a potato virus X vector and expressed
in Nicotiana benthamianeells, where its ability to trigger necrosis on several plant
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species was confirmed (124). Homologs of NPP1 also occBrimfestang77),
P. medicagini{Genbank accession # AW559250; identified by BLAST search),
andPy. aphanidermaturfl53). ThePythiumprotein (called PaNie) triggered pro-
grammed cell death in carrodrabidopisis tomato, and tobacco cells, but not in
three monocots (153). THeusariumprotein triggered necrosis or ethylene pro-
duction in 22 dicots but no monocots. The very broad specificity of this elicitor
raises interesting questions as to the nature of its receptor or target. Interestingly,
homologs of NPP1 occur outside the oomycetes onBusarium oxysporuriisp
erythroxyliand in the bacteri&treptomyces coelicolp¥ibrio sp. CH-291, and
Bacillus haloduransbut not in any other sequenced fungal or bacterial genomes
(including Bacillus subtili§. Immunological analysis showed it to be present in
only three of seveRusariumspecies tested (5). This scattered distribution outside
the oomycetes suggests that the gene for the protein might have been transferred
horizontally to other organisms from the oomycetes. Vibeio protein was identi-
fied as a hemolysin (72), suggesting that the NPP1 proteins may have pore-forming
activity.

Arachidonic acid, which is released frdPimytophthora infestanduring infec-
tion, and probably by othéthytophthoraspecies as well, elicits defense responses
from a wide variety of plants, especially solanaceous plants such as potato (11),
Datura (163), tomato (88, 168), eggplant (21), and pepper (53). The response to
arachidonic acid has been extensively characterized in potato (26, 169). It has been
proposed that elicitation by arachidonic acid is mediated by oxylipin signal com-
pounds produced as a result of metabolism of arachidonic acid by lipoxygenases
(11, 88, 122). Silencing of an elicitor-induced lipoxygenase in tobacco enabled
P. parasiticato infect even in the presence of a resistance gene (126). The induc-
tion of defense responses bip.garasiticacell wall preparation also was blocked,
but induction of defense responses by arachidonic acid was not tested.

Genetically Defined Recognition Events:
Avirulence Genes and R Genes

Genetic analysis of disease resistance by plant breeders has identified many single
dominant genesthat confer resistance (R genes). R genes typically confer resistance
against a subset of pathogen isolates. Genetic analysis of pathogens has shown tha
single dominant genes called avirulence (Avr) genes are responsible for whether
a particular R gene will be effective against a given isolate. Since in general each
R gene is specific for a given Avr gene, R genes and Avr genes are said to have
gene-for-gene specificity (33). The molecular basis for gene-for-gene specificity
has been proposed to result from recognition of a pathogen molecule encoded by
an Avr gene by a receptor encoded by an R gene. This has been directly confirmed
in the case of a bacterial (135, 144) and a fungal pathogen (7 1Atttd/Pto

and AvrPi-ta/Pi-ta gene pairs, respectively). Many R genes and Avr genes have
now been cloned and characterized from a variety of pathosystems [reviewed in
(32,44,52,66, 89,162)].
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Single dominant R genes agaitytophthoranfection have been described
in soybean againgt sojag18), in tomato and potato agaifstnfestang43, 101),
in pepper againg?. capsici(155), in tobacco againgt parasitica(107), in straw-
berry againsP. fragariae(151), in cowpea againgt vignag(6), and in pigeonpea
againstP. cajani(61). However, only irP. sojae(55, 148, 159, 160) anB. infes-
tans (141, 152) have matching avirulence genes been defined genetically in the
pathogen. Five R genes against downy mildews, which are also oomycetes, have
been cloned (25, 32, 44). However, no R genes ag&hgtophthorapathogens
have been cloned, nor until recently have any genetically deftstiophthora
Avr genes been cloned.

P. infestans ON POTATO AND TOMATO At least 11 R genes in potato (43) and 2 in
tomato (101) have been described that protect agRifsiestansnfection. Of the
potato R genef3 R6 andR7are located in a cluster (43) while others have unique
orunmapped locations (54). Efforts are under way to clone DNA regions spanning
Rland theR3 R6 R7cluster (www.bakerlab.usda.gov/BakerLab/research6.html).
Avirulence genes corresponding to six R gefas {, Avr2, Avr3, Avr4, Avrl0, and
Avrll) have been genetically defined and placed on a genetic map of the pathogen
(152). Unlike avirulence genes in true fungi, some clustering of Avr genes is
observed inP. infestans Avr3, Avrl0, and Avrll occur in a tight cluster (152).
BAC contigs near to or spanning tier4 andAvrllgenes have been identified
(161).

P. sojac ON SOYBEAN Atleast 14 R genes have been described that protect soybean
againstP. sojae(3, 17). Six are clustered at tigpsllocus RpslaRpslhRpsic
RpsldRpsleandRpslkand three at thRps3locus Rps3aRps3handRps3¢
(3,17). Genetic analysis in the pathogen has defined single dominant avirulence
genes corresponding to ten of tRpsgenes Avrla Avrlh Avrld Avrlk Avr3a,

Avr3b, Avr3c Avr4, Avr5, andAvr6) (95, 148, 159, 160). As iR. infestanssome
clustering of Avr genes is observed i sojae AvrlbandAvrlkare inseparable
genetically (160; W. Shan & B. M. Tyler, unpublished), as axe4 and Avr6

(55, 160).Avr3aandAvr5are only 5 cM apart (160).

Efforts to cloneRpsgenes are well advanced in the cas&ps2(59, 85) and
Rps1k132; M. K. Bhattacharyya, personal communication). In both cases, a BAC
contig spanning th&psgene has been isolated and a humber of R gene paralogs
have been identified within the region. In both cases, the R gene paralogs are of
the nucleotide binding site leucine-rich-repeat (NBS-LRR) class. Fdp.tkejae
avirulence genes, a BAC contig spannidgla has been identified (92) and a
cosmid contig spanningvr4d andAvr6 has been identified (147).

CLONING AND CHARACTERIZATION OF P. sojae Avrib A single 60-kb BAC clone
spanning thédvrlbandAvrlk genes ofP. sojaehas been isolated and therlb

gene has been identified within this region (W. Shan & B. M. Tyler, unpublished).
The Avrlb gene encodes a secreted protein that is specifically expressed during
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Figure4 Structural comparison between Avrlb protein frBhytophthora sojaand

its homolog fromP. infestansThe hatched boxes indicate secretory leader sequences.
The bars in the center indicate the degree of sequence similarity in different regions
of the molecules. Predicted secondary structures are: tube, alpha helix; zig-zag, beta
strand; straight line, coil.

infection. Expression of thévrlb gene in the yead®ichia pastorisresulted in
secretion of a protein that triggered a vigorous defense response on soybean plants
containingRpslbbut not on plants lackingps1b(W. Shan & B. M. Tyler, un-
published). Interestingly, prolonged exposureRpfs1bsoybean plants to higher
concentrations of Avrlb protein resulted in complete collapse of the plant, sug-
gesting that the Avrlb protein was spreading systemically throughout the plant
(though spread of a plant signal could not be ruled out) (W. Shan & B. M. Tyler,
unpublished). The Avrlb protein is 117 amino acids long with a secretory leader
of 21 amino acids. It shows no similarity to any sequences in the public databases,
except for a homolog fron®. infestanghat shows weak to moderate similarity
to theP. sojaeprotein, especially at the C terminus (Figure 4). The protein is hy-
drophilic and contains no disulfide bonds (W. Shan & B. M. Tyler, unpublished),
unlike both the elicitins and the extracellular avirulence gene products that have
been characterized to date from fungi. The predicted secondary structure of Avrlb
is rich in alpha helices (Figure 4) of which three are also predicted fd?.timées-
tanshomolog, suggesting that for those three helices the prediction is a robust one.
Structural similarity searches suggest that the tertiary structure of Avrlb is most
similar to trihelical bundle DNA and RNA binding proteins, and to cytochrame
The significance of this similarity remains to be determined.

Isolates ofP. sojaethat no longer express the Avrlb phenotype, and hence can
infect soybean plants containifRps1b fall into two categories with respect to
the mechanism by whicAvrlb expression is lost (W. Shan & B. M. Tyler, un-
published). In some isolates, there are large numbers of substitution mutations.
The pattern of mutations in these strains indicates that there has been strong di-
vergent selection oAvrlh as all but one of the base substitutions in these strains
result in an amino acid substitution. Oth&vrlb isolates show no sequence
differences whatsoever with thv/ribt isolates. In thes@vrlb isolates Avrlb
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mMRNA no longer accumulates, suggesting that a transcriptional or posttranscrip-
tional mechanism is responsible for negathglbexpression (W. Shan & B. M.
Tyler, unpublished). Loss of transcription was also responsible for loss of elicitin
expression in isolates & parasiticavirulent on tobacco (79). The mechanism
by which Avrlb mRNA expression is lost is not yet clear. Preliminary evidence
suggests that a second gene, located about 100 kbAxohi, is responsible for

this loss of expression (W. Shan & B. M. Tyler, unpublished). This second gene,
which complementswvrlbgenetically, has been term@airlb-2. The isolates that
have substitution mutations #wrlbappear to have inherited them from one of
two relatively ancient “progenitor” genotypes Bf sojae(51). Isolates in which
AvrlbmRNA is no longer present appear to have kgtlb expression by more
recent “mutations,” since their genetic background is identical to that of avirulent
isolates.

OUTSTANDING ISSUES At least two issues are of great interest with regard to
Phytophthoraavirulence genes. The first is whether the interaction between
Phytophthoraavirulence gene products and the corresponding host R gene prod-
ucts occurs at the plasma membrane or inside host cells. Viral avirulence gene
products are naturally produced inside the cell, and many bacterial avirulence
gene products appear to be delivered inside plant cells by the type Il secretion
system (52, 162). R gene products that are involved in detection of secreted aviru-
lence gene products such as Avr4 and Avr@ofulvum(Cf4 and Cf9 of tomato,
respectively) have a structure expected for a component of a membrane-spanning
receptor (32, 89). In contrast, resistance genes that protect against bacterial and vi-
ral pathogens typically have NBS-LRR structures consistent with an intracellular
location, as expected (32, 44). However, many resistance genes that protect against
fungal and oomycete pathogens also have NBS-LRR structures, for example, the
L, M, N, and P families of rust resistance genes of flax (44);Rie(157) and

Pi-ta (71) rice blast resistance genes of rice; B@pl Rpp5 Rpp8 andRppl3
resistance genes @éfrabidopsisthat protect against the oomycd®eronospora
parasitica (32, 44); and thédm3 resistance gene of lettuce that protects against
the oomycet&remia lactucad25). The predicted intracellular locations of these
resistance gene products imply that fungal and oomycete pathogens have mecha-
nisms for introducing proteins inside the cells of their hosts. In the case of Avrlb,

in which the secreted protein can trigger defense responses in the absence of the
pathogen (W. Shan & B. M. Tyler, unpublished), the intuitive expectation would be
that the receptor would be on the plasma membrane anBgsdtovould resemble
tomato R genes Cf9 and Cf4 (32). However, the BAC clone that has been identified
as spanning the k allele &ps1(Rps1k contains polymorphic NBS-LRR class
resistance genes (M. Bhattacharyya, personal communication), raising the intrigu-
ing possibility that both the k and b allelesRpslencode intracellular NBS-LRR
proteins and that Avrlb protein has the ability to enter host cells in the absence of
the pathogen. The large number of fungal and oomycete resistance genes that en-
code intracellular receptors, together with the evidence that elicitins, and possibly
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also Avrlb, can enter cells, suggest that fungal and oomycete pathogens also have
evolved mechanisms for infiltrating proteins inside the cells of their hosts.

The second interesting question, related to the first, is whether the avirulence
gene products play a positive role in infection, i.e., do they contribute to pathogenic-
ity as many bacterial avirulence gene products appear to do (52, 162)? In the case
of Avrlb we have several hints that it may aid infection (W. Shan & B. M. Tyler,
unpublished). First, it is expressed specifically during infection. Second, it may
spread systemically through the plant. Third, it may interact witiRi&llproduct
inside soybean cells. We are currently testing this hypothesis.

GENOMIC APPROACHES TO PHYTOPHTHORA-HOST
RECOGNITION

Until now, molecules involved iRPhytophthoréhost recognition have been identi-

fied by biochemical or genetic analyses. However, genomics approaches have great
potential to assist in identifying additional molecules. Genetic approaches to the
identification ofPhytophthorareceptors involved in plant signal recognition will

be greatly aided by integrated physical and genetic maps of the organism, and even-
tually a complete genome sequence (147). The availability of extensive collections
of PhytophthoréEST sequences (77, 124, 147) will also facilitate identification of
new candidates for molecules involved in plant recognition.

As an example of the kinds of novel approaches that genomics will enable,
Kamoun (146, 147) used the SignalP algorithm (110) together with bioinformatic
identification of the startpoint of translation to screenRoinfestan€STs encod-
ing small secreted proteins similar to elicitins or Avrlb. Of 2Rdihfestan€STs
screened in this way, 261 (12.2%) were predicted to be secreted (146). Among
these was th®. infestandiomolog ofP. sojae AvrlbTo test the function of these
ESTs, the ESTs were expressed in the host plantsenthamianand tomato
using a systemic viral expression system (potato virus X), then the plants were
assayed for changes in susceptibilityRbytophthorainfection. Several cDNAs
were identified that induce necrosis in plant tissue and alter the tomato response
to P. infestang146).

On the plant side, genomics can greatly aid in cloning R genes by identi-
fying R gene paralogs in sequences of targeted regions. Identification of genes
involved in synthesis and release of signal compounds can also be used to dis-
sect the contributions of signal recognition. For examplabidopsis tobacco,
and other non-legumes have been engineered to produce isoflavones using an
isoflavone reductase gene from soybean (73, 142, 167). What will be the response
of P. sojaeto these plants? Similarly, now that the complete biosynthetic pathway
to isoflavones has been elucidatediadicago(37), and soybean homologs of the
cloned biosynthetic enzyme genes have been identified from the vast soybean EST
database (142; www.tigr.org/tdb/gmgi/), it will soon be possible to manipulate the
levels and structures of isoflavones produced by soybean and other legumes, and
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to test the effects of these changes on infection by vafdwdophthoraspecies
that are or are not natural pathogens of those plants.

The Annual Review of Phytopathologig online at http://phyto.annualreviews.org

LITERATURE CITED

1.

Alex LA, Simon MI. 1994. Protein histi-
dine kinases and signal transduction in
prokaryotes and eukaryoté&ends Ge-
net.10:133-38

. Allen EA, Hazen BE, Hoch HC, Kwon Y,

Leinhos GME, etal. 1991. Appressorium
formation in response to topographical
signals by 27 rust specieBhytopathol-
0ogy81:323-31

. Anderson TR, Buzzell RI. 1992. Inheri-

tance and linkage of tHieps7gene for re-
sistance t@’hytophthoraot of soybean.
Plant Dis.76:958-59

. Andreu A, Tonon C, Van Damme M,

Huarte M, Daleo G. 1998. Effect of glu-
cans from different races dPhytoph-
thora infestanson defense reactions in
potato tuberEur. J. Plant Pathol.104:
777-83

. Bailey BA, Jennings JC, Anderson JD.

1997. The 24-kDa protein frorRusar-
ium oxysporunt.sp. erythroxyli occur-
rence in related fungi and the effect of
growth medium on its productiorCan.

J. Microbiol. 43:45-55

. Bateman KS, Hinch JM, Ralton JE,

Clarke AE, Mckenzie JA, et al. 1990.
Inheritance of resistance of cowpea to
Phytophthora vignaén whole plants,
cuttings and stem callus culturesust.

J. Bot.37:511-18

. Becker J, Nagel S, Tenhaken R. 2000.

Cloning, expression and characterization
of protein elicitors from the soyabean
pathogenic fungu®hytophthora sojae

J. Phytopathol148:161-67

. Boissy G, De La Fortelle E, Kahn R,

Huet J-C, Bricogne G, et al. 1996. Crys-
tal structure of a fungal elicitor secreted
by Phytophthora cryptogea member of

10.

11.

12.

13.

14.

a novel class of plant necrotic proteins.
Structure4:1429-39

. Boissy G, O’'Donohue M, Gaudemer O,

Perez V, Pernollet J-C, Brunie S. 1999.
The 2.1A structure of an elicitin-ergo-
sterol complex: a recent addition to the
sterol carrier protein familyProtein Sci.
8:1191-99

Bolwell GP, Davies DR, Gerrish C, Auh
C-K, Murphy TM. 1998. Comparative
biochemistry of the oxidative burst pro-
duced by rose and French bean cells
reveals two distinct mechanismilant
Physiol.116:1379-85

Bostock RM, Kuc JA, Laine RA. 1981.
Eicosapentenoic and arachidonic acids
from Phytophthora infestanslicit fun-
gitoxic sesquiterpenes in the potawi-
ence212:67-69

Bostock RM, Schaeffer DA, Hammer-
schmidt R. 1986. Comparison of elicitor
activities of arachidonic acid, fatty acids,
and glucans fronPhytophthora infes-
tans Physiol. Mol. Plant PathoR9:349—
60

Bottin A, Veronesi C, Pontier D,
Esquerre-Tugaye M-T, Blein J-P, et al.
1994. Differential responses of tobacco
cells to elicitors from twdPhytophthora
species.Plant Physiol. Biochem232:
373-78

Bouaziz S, Van Heijenoort C, Huet J-C,
Pernollet J-C, Guittet E. 1994. 1H and
15N resonance assignment and secon-
dary structure of capsicein, an alpha-
elicitin, determined by three-dimen-
sional heteronuclear NMRBiochem-
istry 33:8188-97

. Bouaziz S, Van Heijenoort C, Nespou-

lous C, Huet JC, Pernollet JC, Guittet E.



PHYTOPHTHORAIOST RECOGNITION

159

16.

17.

18.

19.

20.

21.

22.

23.

24.

24a.

25.

1995. Solution structure of capsicein by 26. ChoiD, Bostock RM. 1994. Involvement

3D triple resonance NMR spectroscopy.
J. Cell. Biochem. Supp21B:23 (Abstr.)
Bourque S, Ponchet M, Binet M-N, Ricci
P, Pugin A, Lebrun-Garcia A. 1998.
Comparison of binding properties and
early biological effects of elicitins in
tobacco cellsPlant Physiol.118:1317—
26

Buzzell RI, Anderson TR. 1992. Inheri-
tance and race reaction of a new soybean
Rpslallele.Plant Dis.76:600-1

Buzzell RI, Anderson TR, Rennie BD.
1987. HarosoyRps isolines. Soybean
Genet. Newsl14:79-81

Cameron JN, Carlile MJ. 1981. Binding
of isovaleraldehyde, an attractant to zoo-
spores of the funguBhytophthora pal-
mivora J. Cell Sci.49:273-81

Carlile MJ. 1983. Motility, taxis, and
tropism in Phytophthora See Ref. 46,
pp. 95-107

Castoria R, Fanelli C, Zoina A, Scala F.
1995. Analysis of fatty acids in lipids of
Verticillium dahliaeand induction of lu-
bimin accumulation in eggplanPlant
Pathol.44:791-95

CaterinaMJ, Devreotes PN. 1991. Mole-
cular insights into eukaryotic chemo-
taxis.FASEB J5:3078-85

Chang Y, Nair MG. 1995. Metabolism of
daidzein and genistein by intestinal bac-
teria.J. Nat. Prod.58:1892-96

Cheong J-J, Birberg W, Fugedi P, Pilotti
A, Garegg PJ, etal. 1991. Structure-acti-
vity relationships of oligo-beta-gluco-
side elicitors of phytoalexin accumula-
tion in soybeanPlant Cell3:127-36
Cheong J-J, Hahn MG. 1991. A specific,
high-affinity binding site for the hepta-
beta-glucoside elicitor exists in soybean
membranesPlant Cell3:137-48

Chin DB, Arroyo-Garcia R, Ochoa OE,
Kesseli RV, Lavelle DO, Michelmore
RW. 2001. Recombination and sponta-
neous mutation at the major cluster of
resistance genes in lettudeattuca sa-
tiva). Geneticsl57:831-49

27.

28.

20.

30.

31.

32.

33.

34.

35.

of de novo protein synthesis, protein
kinase, extracellular Ca, and lipoxy-
genase in arachidonic acid induction of
3-hydroxy-3-methylglutaryl coenzyme
A reductase genes and isoprenoid accu-
mulation in potato $olanum tuberosum
L.). Plant Physiol.104:1237-44

Clarke DD. 1966. Factors affecting the
development of single zoospore colonies
of Phytophthora infestansTrans. Br.
Mycol. Soc49:177-84

Colas V, Conrod S, Venard P, Keller H,
Ricci P, Panabieres F. 2001. Elicitin
genes expressed in vitro by certain to-
bacco isolates ofPhytophthora para-
sitica are down regulated during com-
patible interactionsMol. Plant-Microbe
Interact.14:326-35

Cosio EG, Feger M, Miller CJ, Antelo
L, Ebel J. 1996. High-affinity binding of
fungal beta-glucan elicitors to cell mem-
branes of species of the plant family
FabaceaePlanta200:92—99

Cote F, Cheong J-J, Alba R, Hahn MG.
1995. Characterization of binding pro-
teins that recognize oligoglucoside elici-
tors of phytoalexin synthesis in soybean.
Physiol. Plant93:401-10

Cote F, Roberts KA, Hahn MG. 2000.
Identification of high-affinity binding
sites for the hepta-beta-glucoside elici-
tor in membranes of the model legumes
Medicago truncatulaandLotus japoni-
cus Planta211:596-605

Dangl JL, Jones JDG. 2001. Plant patho-
gens and integrated defence responses
to infection.Nature411:826-33

Day P. 1974Genetics of Host-Parasite
Interaction.San Francisco: Freeman
Deacon JW, Donaldson SP. 1993. Molec-
ular recognition in the homing response
of zoosporic fungi, with special refer-
ence toPythiumandPhytophthoraMy-
col. Res97:1153-71

Demaret S, Demaret J-P, Brunie S. 2000.
A possible binding path of ergosterol
within elicitins revealed by molecular



160

TYLER

36.

36a.

37.

38.

39.

40.

41.

42.

43.

44,

dynamics.J. Biomol. Struct. Dyn18:
453-60

Devergne J-C, Bonnet P, Panabieres F, 45.

Blein J-P, Ricci P. 1992. Migration of the
fungal protein cryptogein within tobacco
plants.Plant Physiol.99:843-47

de Wit PIJGM, Bisseling T, Stiekema WJ,
eds. 2000Biology of Plant Microbe In-
teractions St. Paul, MN: Int. Soc. Mol.
Plant-Microbe Interact. Vol. 2

Dixon RA. 1999. Isoflavonoids: bioche-
mistry, molecular biology and biologi-
cal functions. IlComprehensive Natural
Products Chemistryed. U Sankawa, 1:
773-823. Amsterdam: Elsevier

Donaldson SP, Deacon JW. 1993. Chan-

ges in motility ofPythiumzoospores in-
duced by calcium and calcium-modu-
lating drugsMycol. Res97:877-83
Donaldson SP, Deacon JW. 1993. Dif-
ferential encystment of zoospores of
Pythiumspecies by saccharides in rela-
tion to establishment on rootBhysiol.
Mol. Plant Pathol.42:177-84

Doyle EA. 2000Structure-function ana-
lysis ofPhytophthora parasiticgicitins.
PhD thesis. Univ. Calif., Davis

Duclos J, Garcia MT, Graca J, Coelho
AC, Fauconnier A, et al. 1998. Identifi-
cation of an elicitin gene cluster Phyto-
phthora cinnamomand analysis of the
necrotic activity of a purified recom-
binant beta-cinnamominMeded. Fac.
Landbouwkd. Toegep. Biol. Wet. Univ.
Gent63:1695-98

Ebel J. 1998. Oligoglucoside elicitor-
mediated activation of plant defense.
BioEssay®0:569-76

El-Kharbotly A, Palomino-Sanchez C,
Salamini F, Jacobsen E, Gebhardt C.
1996.R6andR7alleles of potato confer-
ring race-specific resistance Riytoph-
thora infestangMont.) de Bary identi-
fied genetic loci clustering with the R3
locus on chromosome XTheoret. Appl.
Genet92:880-84

Ellis J, Dodds P, Pryor T. 2000. Structure,
function, and evolution of plant disease

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

resistance gene€urr. Opin. Plant Biol.
3:278-84

Enkerli K, Hahn MG, Mims CW. 1997.
Ultrastructure of compatible and incom-
patible interactions of soybean roots in-
fected with the plant pathogenic oomy-
cete Phytophthora sojaeCan. J. Bot.
75:1494-508

Erwin DC, Bartnicki-Garcia S, Tsao PH,
eds. 1983.Phytophthora: Its Biology,
Taxonomy, Ecology and Patholag$t.
Paul, MN: Am. Phytopathol. Soc.

Erwin DC, Ribiero OK. 1996Phyto-
phthora Diseases Worldwid&t. Paul,
Minnesota: APS Press

Farr DF, Bills GF, Chamuris GP, Ross-
man A. 1989Fungi on Plants and Plant
Products in the United StateSt. Paul,
MN: Am. Phytopathol. Soc.

Fefeu S, Bouaziz S, Huet J-C, Pernollet
J-C, Guittet E. 1997. Three-dimensional
solution structure of beta cryptogein, a
beta elicitin secreted by a phytopatho-
genic fungusPhytophthora cryptogea
Protein Sci6:2279-84

Forster H, Coffey MD, Elwood H, Sogin
ML. 1990. Sequence analysis of the
small subunit ribosomal RNAs of 3
zoosporic fungi and implications for fun-
gal evolution Mycologia82:306—-12
Forster H, Tyler BM, Coffey MD. 1994.
Phytophthora sojaeaces have arisen by
clonal evolution and by rare outcrosses.
Mol. Plant-Microbe Interact7:780-91
Gabriel DW. 1999. Why do pathogens
carry avirulence genesPhysiol. Mol.
Plant Pathol.55:205-14

Garcia-Pineda E, Lozoya-Gloria E.
1999. Induced gene expression of
1-aminocyclopropane-1-carboxylic acid
(ACC oxidase) in peppeQapsicum an-
nuumL.) by arachidonic acidPlant Sci.
145:11-21

Gebhardt C, Valkonen JPT. 2001.
Organization of genes controlling dis-
ease resistance in the potato genome.
Annu. Rev. Phytopathd9:79-102
Gijzen M, Forster H, Coffey MD, Tyler



PHYTOPHTHORAIOST RECOGNITION

161

56.

57.

58.

59.

60.

61.

62.

63.

64.

BM. 1996. Cosegregation ofvr4 and
Avr6in Phytophthora sojaeCan. J. Bot.
74:800-2

Gooley PR, Keniry MA, Dimitrov RA,
Marsh DE, Keizer DW, et al. 1998. The
NMR solution structure and characteri-
zation of pH dependent chemical shifts
ofthe beta-elictin, cryptogeid. BioMol.
NMR12:523-34

Gow NAR. 1993. Non-chemical signals
used for host location and invasion by
fungal pathogensTrends Microbiol.1:
45-50

Gow NAR, Perera THS, Sherwood-Hig-
ham J, Gooday GW, Gregory DW, Mar-
shall D. 1994. Investigation of touch-
sensitive responses by hyphae of the
human pathogenic fungu€éndida al-
bicang. Scanning Microsc3:705-9
Graham MA, Marek LF, Shoemaker RC.
2001. Gene expression analyses of a re-
sistance gene cluster on soybean link-
age group J. www.intl-pag.org/pag/9/
abstracts/PQ30.html

Griffing LR, Stout RG. 1989. Receptor-
mediated endocytosis in plants binding
and internalization of a fungal toxin by
soybean protoplastg. Cell Biol. 109:
202A (Abstr.)

Gupta AK, Singh IS, Reddy MV, Bajpai
GC. 1997. Genetics of resistance to P-3
isolate of phytophthora blight in pigeon-
pea.Euphyticad5:73-76

Hahn MG. 1996. Microbial elicitors and
their receptors in planté&\nnu. Rev. Phy-
topathol.34:387-412

Ham K-S, Cote F, Hahn MG, Thurlby
T, Albersheim P, Darvill AG. 1996. Soy-
bean beta-1,3-glucanases generate, from
the walls of Phytophthora elicitors re-
cognized by the putative receptor of the
hepta-beta-glucoside elicitdtlant Phy-
siol. 111:170 (Abstr.)

Ham K-S, Kauffmann S, Albersheim P, 73.

Darvill AG. 1991. Host-pathogen inter-
actions: XXXIX. A soybean pathogene-
sis-related protein with beta-1,3-glu-
canase activity releases phytoalexin

65.

66.

67.

68.

69.

70.

71.

72.

elicitor-active  heat-stable fragments
from fungal walls.Mol. Plant-Microbe
Interact.4:545-52

Ham K-S, Wu S-C, Darvill AG, Alber-
sheim P. 1997. Fungal pathogens secrete
an inhibitor protein that distinguishes
isoforms of plant pathogenesis-related
endo-beta-1,3-glucanaseBlant J. 11:
169-79

Hammond-Kosack KE, Jones JDG.
1997. Plant disease resistance genes.
Annu. Rev. Plant Physiol. Plant Mol.
Biol. 48:575-607

Hardham AR, Gubler F. 1990. Polarity
of attachment of zoospores of a root
pathogen and pre-alignment of the emer-
ging germ tubeCell. Biol. Int. Rep14:
947-56

Horio T, Kawabata Y, Takayama T,
Tahara S, Kawabata Y, et al. 1992.
A potent attractant of zoospores of
Aphanomyces cochlioidésolated from

its host,Spinacia oleraceaExperientia
48:410-14

Horn MA, Heinstein PF, Low PS. 1989.
Receptor-mediated endocytosis in plant
cells.Plant Cell1:1003-10

Irving HR, Griffith JM, Grant BR. 1984.
Calcium efflux associated with encyst-
ment of Phytophthora palmivoraoos-
pores.Cell Calcium5:487-500

JiaY, McAdams SA, Bryan GT, Hershey
HP, Valent B. 2000. Direct interaction
of resistance gene and avirulence gene
products confers rice blast resistance.
EMBO J.19:4004-14

Jores J, Lewin A, Appel B. 2001. Clon-
ing of a hemolysin encoding region of
a Vibrio species. Genbank accession
# CA C40975. www.ncbi.nlm.nih.gov:
80/entrez/query.fcgi?craeRetrieve &
db=Protein&list uids=14331088&
dopt=GenPept

Jung W, Yu O, Lau S-MC, O’Keefe DP,
Odell J, etal. 2000. Identification and ex-
pression of isoflavone synthase, the key
enzyme for biosynthesis of isoflavones
in legumesNat. Biotechnol18:208-12



162

TYLER

74.

75.

76.

77.

78.

79.

80.

81.

82.

Kakitani M, Umemoto N, Ishida I, Iwa-
matsu A, Yoshikawa M, Yamaoka N.
2001. Glucan elicitor receptor, DNA
molecule coding therefor, fungus-resis-
tant plants transformed with the DNA
molecule and method for creating the
plantsU.S. PatentNo. 6,225,531 BQff.
Gaz. U. S. Patent Trademark Off. Patents
1246

Kamoun S. 1998. Dissection of nonhost
resistance oNicotianato Phytophthora
infestansusing a Potato Virus X vector.
Phytopathology88:545

Kamoun S, Honee G, Weide R, Lauge R,
Kooman-Gersmann M, et al. 1999. The
fungal gene Avr9 and the oomycete gene
infl confer avirulence to potato virus X
ontobaccoMol. Plant-Microbe Interact.
12:459-62

Kamoun S, Hraber P, Sobral B, Nuss D,
Govers F. 1999. Initial assessment of
gene diversity of the oomycete plant
pathogenPhytophthora infestandg=un-
dam. Genet. Biol28:94-106

Kamoun S, Huitema E, Vleeshouwers
VGAA. 1999. Resistance of oomycetes:
a general role for the hypersensitive re-
sponsedrends Plant Sci4:196-200
Kamoun S, Klucher KM, Coffey MD,
Tyler BM. 1993. A gene encoding a host-
specific elicitor protein oPhytophthora
parasitica Mol. Plant-Microbe Interact.
6:573-81

Kamoun S, Lindgvist H, Govers F. 1997.
A novel class of elicitin-like genes from
Phytophthora infestanMol. Plant-Mic-
robe Interact.10:1028-30

Kamoun S, S. D, Huitema E, Torto GA,
van West P, et al. 2000. Dissection of
nonhost resistance dficotianato Phy-
tophthora infestansSee Ref. 36a, pp.
180-85

Kamoun S, van West P, Vleeshouwers
VG, de GrootKE, Govers F. 1998. Resis-
tance ofNicotiana benthamiango Phy-
tophthora infestanss mediated by the
recognition of the elicitor protein INF1.
Plant Cell10:1413-26

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Kamoun S, Young M, Forster H, Coffey
MD, Tyler BM. 1994. Potential role of
elicitins in the interaction betwedphy-
tophthoraspecies and tobaccappl. En-
viron. Microbiol. 60:1593-98

Kamoun S, Young M, Glascock C, Tyler
BM. 1993. Extracellular protein elicitors
of Phytophthorahost-specificity and in-
duction of resistance to bacterial and fun-
gal phytopathogendlol. Plant-Microbe
Interact.6:15-25

Kanazin V, Marek LF, Shoemaker RC.
1996. Resistance gene analogs are con-
served and clustered in soybeddroc.
Natl. Acad. Sci. USA3:11746-50

Keen NT, Yoshikawa M, Wang MC.
1983. Phytoalexin elicitor activity of
carbohydrates frolRhytophthora mega-
spermaf.sp.glycineaand other sources.
Plant Physiol.71:466—71

Keller H, Pamboukdjian N, Ponchet M,
Poupet A, Delon R, et al. 1999. Patho-
gen-induced elicitin production in trans-
genic tobacco generates a hypersensitive
response and nonspecific disease resis-
tance Plant Cell11:223-35

Knight VI, Wang H, Lincoln JE, Lulai
EC, Gilchrist DG, Bostock RM. 2001.
Hydroperoxides of fatty acids induce
programmed cell death in tomato pro-
toplasts Physiol. Mol. Plant Pathol59:
277-86

Lauge R, de Wit PIGM. 1998. Fungal
avirulence genes: structure and possible
functions.Fungal Genet. Biol24:285-
97

Loh J, Garcia M, Stacey G. 1997. NodV
and NodW, a second flavonoid recog-
nition system regulating nod gene ex-
pression inBradyrhizobium japonicum
J. Bacteriol.179:3013-20

Lord JM, Smith DC, Roberts LM. 1999.
Toxin entry: how bacterial proteins get
into mammalian cellsCell. Microbiol.
1:85-91

MacGregor T, Bhattacharyya M, Tyler
BM, Bhat R, Schmitthenner AF, Gijzen
M. 2002. Genetic and physical mapping



PHYTOPHTHORAIOST RECOGNITION

163

93.

94.

95.

96.

97.

98.

99.

100.

101.

of Avrlain Phytophthora sojaeGenet-
icslIn press

Mao Y, Tyler BM. 1996. Cloning and
sequence analysis of elicitin genes of
Phytophthora sojad-ungal Genet. Biol.
20:169-72

Mateos FV, Rickauer M, Esquerre-Tug-
aye M-T. 1997. Cloning and characteri-
zation of a cDNA encoding an elicitor of
Phytophthora parasiticaar. nicotianae
that shows cellulose-binding and lectin-
like activities.Mol. Plant-Microbe Inter-
act.10:1045-53

May KJ, Whisson SC, Zwart RS, Searle 105.

IR, Irwin JAG, et al. 2002. Inheritance
and mapping of eleven avirulence genes
in Phytophthora sojaeFungal Genet.
Biol. In press

Mendgen K, Bachem U, Stark-Urnau M,
Xu H. 1995. Secretion and endocytosis
at the interface of plants and fung@ian.

J. Bot.73:5640-48

Mikes V, Milat M-L, Ponchet M, Ricci P,
Blein J-P. 1997. The fungal elicitor cryp-
togein is a sterol carrier proteifrEBS
Lett.416:190-92

Mitchell RT, Deacon JW. 1986. Differen-
tial (host-specific) accumulation of zoos-
pores ofPythiumon roots of gramina-
ceous and non-graminaceous plants.
New Phytol102:113-22

Mithoefer A, Fliegmann J, Neuhaus-Url
G, Schwarz H, Ebel J. 2000. The hepta-

beta-glucoside elicitor-binding proteins 108.

from legumes represent a putative recep-
tor family. Biol. Chem.381:705-13
Mithoefer A, Lottspeich F, Ebel J. 1996.
One-step purification of the beta-glucan

elicitor-binding protein from soybean 109.

(Glycine max..) roots and characteriza-
tion of an anti-peptide antiserurREBS
Lett. 381:203-7

Moreau P, Thoquet P, Olivier J, Laterrot

H, Grimsley N. 1998. Genetic mapping 110.

of Ph-2, a single locus controlling par-
tial resistance t®hytophthora infestans
in tomato.Mol. Plant-Microbe Interact.
11:259-69

102.

103.

104.

106.

107.

Morris BM, Gow NAR. 1993. Mech-
anism of electrotaxis of zoospores of
phytopathogenic fungiPhytopathology
83:877-82

Morris PF, Bone E, Tyler BM. 1998.
Chemotropic and contact responses of
Phytophthora sojadiyphae to soybean
isoflavonoids and artificial substrates.
Plant Physiol.117:1171-78

Morris PF, Ward EWB. 1992. Chemo-
attraction of zoospores of the soybean
pathogenP. sojag by isoflavonesPhys-
iol. Mol. Plant Pathol.40:17-22

Mozzetti C, Amateis N, Matta A. 1997.
Differential responses of cell suspen-
sions of pepper lines susceptible and re-
sistant to Phytophthora capsicieon.

to cell wall and culture filtrate elicitors
of Phytophthoraspp. J. Plant Pathol.
79:27-34

Musgrave A, Ero L, Scheffer R, Oehlers
E. 1977. Chemotropism @fchlya bisex-
ualisgerm hyphae to casein hydrolysate
and amino acidsl. Gen. Microbiol 101:
65-70

Nemestothy GS, Guest DI. 1990. Phy-
toalexin accumulation, phenylalanine
ammonia-lyase activity and ethylene
biosynthesis in fosetyl-Al treated resis-
tant and susceptible tobacco cultivars in-
fected withPhytophthora nicotianaear.
nicotianae Physiol. Mol. Plant Pathol.
37:207-20

Nennstiel D, Scheel D, Nuernberger T.
1998. Characterization and partial purifi-
cation of an oligopeptide elicitor recep-
tor from parsley Petroselinum crispuin
FEBS Lett431:405-10

Nespoulous C, Gaudemer O, Huet J-C,
Pernollet J-C. 1999. Characterization
of elicitin-like phospholipases isolated
from Phytophthora capsictulture fil-
trate.FEBS Lett452:400-6

Nielsen H, Brunak S, von Heijne G.
1999. Machine learning approaches for
the prediction of signal peptides and
other protein sorting signalsProtein
Eng.12:3-9



164

TYLER

111

112

113.

114.

115.

116.

117.

118.

119.

. Nuernberger T. 1999. Signal perception120
in plant pathogen defenggell. Mol. Life
Sci.55:167-82

. Nuernberger T, Nennstiel D, Hahlbrock
K, Scheel D. 1995. Covalent cross-

linking of thePhytophthora megasperma 121.

oligopeptide elicitor to its receptor in
parsley membranesroc. Natl. Acad.
Sci. USA92:2338-42

Nuernberger T, Nennstiel D, Jabs T,
Sacks WR, Hahlbrock K, Scheel D.
1994. High affinity binding of a fungal
oligopeptide elicitor to parsley plasma
membranes triggers multiple defense re-
sponsesCell 78:449-60

Nuernberger T, Scheel D. 2001. Signal
transmission in the plant immune re-
sponseTrends Plant Sci6:372-79
O’Donohue MJ, Gousseau H, Huet J-C,
Tepfer D, Pernollet J-C. 1995. Chemical
synthesis, expression and mutagenesis of
agene encoding beta-cryptogein, an elic-
itin produced byPhytophthora crypto-
gea Plant Mol. Biol.27:577-86

Osman H, Vauthrin S, Mikes V, Milat
M-L, Panabieres F, et al. 2001. Media-
tion of elicitin activity on tobacco is as-
sumed by elicitin-sterol complexddol.
Biol. Cell 12:2825-34

Panabieres F, Marais A, Le Barre J, Penot
|, Fournier D, Ricci P. 1995. Characteri-
zation of a gene cluster éfthytophthora
cryptogeawhich codes for elicitins, pro-
teins inducing a hypersensitive-like re-
sponse to tobaccdvol. Plant-Microbe
Interact.8:996-1003

Parker JE, Schulte W, Hahlbrock K,
Scheel D. 1991. An extracellular glyco-
protein fromPhytophthora megasperma
f.sp.glycineaelicits phytoalexin synthe-
sis in cultured parsley cells and pro-
toplasts. Mol. Plant-Microbe Interact.
4:19-27

Perez V, Huet J-C, O’'Donchue M, Ne-
spoulous C, Pernollet J-C. 1999. A novel
elicitin necrotic site revealed by alpha-
cinnamomin sequence and site-directed

mutagenesis?hytochemistr0:961-66 128

122.

123.

124.

125.

126.

127.

. Ponchet M, Panabieres F, Milat ML,
Mikes V, Montillet JL, et al. 1999. Are
elicitins cryptograms in plant-Oomycete
communications€ell. Mol. Life Sci56:
1020-47

Preisig CL, Kuc JA. 1985. Arachidonic
acid-related elicitors of the hypersensi-
tive response in potato and enhancement
of their activities by glucans frorRhy-
tophthora infestan#Arch. Biochem. Bio-
phys.236:379-89

Preisig CL, Kuc JA. 1987. Inhibition
by salicylhnydroxamic acid, BW755C,
eicosatetraynoic acid, and disulfiram
of hypersensitive resistance elicited by
arachidonic acid or poly-lysine in
potato tuberPlant Physiol.84:891-94
Qutob D. 2002The identification of a
necrosis inducing peptide by analysis
of expressed sequences from the soy-
bean pathogeRhytophthora sojae. PhD
thesis. Univ. West. Ont.

Qutob D, Hraber P, Sobral B, Gijzen M.
2000. Comparative analysis of expressed
sequences iPhytophthora sojaePlant
Physiol.123:243-53

Ramos-Valdivia AC, Van Der Heijden
R, Verpoorte R. 1997. Elicitor-mediated
induction of anthraguinone biosynthesis
and regulation of isopentenyl diphosph-
ate isomerase and farnesyl diphosphate
synthase activities in cell suspension cul-
tures ofCinchona robustaHow. Planta
203:155-61

Rance |, Fournier J, Esquerre-Tugaye
M-T. 1998. The incompatible interac-
tion betweenPhytophthora parasitica
var.nicotianaerace 0 and tobacco is sup-
pressed in transgenic plants expressing
antisense lipoxygenase sequenégsc.
Natl. Acad. Sci. USA5:6554-59

Read ND, Kellock LJ, Knight H, Tre-
wavas AJ. 1992. Contact sensing during
infection by fungal pathogens. IRers-
pectives in Plant Cell Recognitipred.
JA Callow, JR Green, pp. 137-72. Lon-
don: Cambridge Univ. Press
. Reid B, Morris BM, Gow NAR. 1995.



PHYTOPHTHORAIOST RECOGNITION

165

129.

130.

130a.

131.

132.

133.

134.

135.

Calcium-dependent, genus-specific, au-
toaggregation of zoospores of phyto-
pathogenic fungiExp. Mycol.19:202—
13

Ricci P. 1997. Induction of the hyper-
sensitive response and systemic acquired
resistance by fungal proteins: the case of
elicitins. In Plant-Microbe Interactions
ed. G Stacey, NT Keen, 3:53-75. New
York: Chapman & Hall

Ricci P, Bonnet P, Huet J-C, Sallantin M, 137.

Beauvais-Cante F, et al. 1989. Structure
and activity of proteins from pathogenic
fungi Phytophthora eliciting necrosis
and acquired resistance in tobacEar.

J. Biochem183:555-63

Ricci P, Trentin F, Bonnet P, \enard P, 138.

Mouton-Perronnet F, Bruneteau M.
1992. Differential production of parasiti-
cein, an elicitor of necrosis and resistance
in tobacco, by isolates d?hytophthora
parasitica Plant Pathol.41:298-307

Sacks W, Nuernberger T, Hahlbrock K, 139.
Scheel D. 1995. Molecular characteri- 140.

zation of nucleotide sequences encod-
ing the extracellular glycoprotein elicitor
from Phytophthora megaspermaiol.
Genet. Genomic246:45-55

Salimath SS, Bhattacharyya MK. 1999.
Generation of a soybean BAC library,
and identification of DNA sequences
tightly linked to theRpsl-k disease resis-
tance geneTheor. Appl. Gene®8:712—
20

Sasabe M, Takeuchi K, Kamoun S, Ichi-
nose Y, Govers F, et al. 2000. Indepen-

dent pathways leading to apoptotic cell 142.

death, oxidative burst and defense gene
expression in response to elicitin in to-
bacco cell suspension cultur&ur. J.
Biochem267:5005-13

Scheel D, Blume B, Brunner F, Fellbrich

G, Dalbgrge H, et al. 2000. Receptor- 143.

mediated signal transduction in defense.
See Ref. 36a, pp. 131-35

Scofield SR, Tobias CM, Rathjen JP,
Chang JH, Lavelle DT, et al. 1996.
Molecular basis of gene-for-gene speci-

136.

141.

ficity in bacterial speck disease of
tomato.Science274:2063—-65
Sejalon-Delmas N, Villalba Mateos F,
Bottin A, Rickauer M, Dargent R,
Esquerre-Tugaye MT. 1997. Purifica-
tion, elicitor activity, and cell wall local-
ization of a glycoprotein fronPhytoph-
thora parasiticavar. nicotianaeg a fungal
pathogen of tobaccoPhytopathology
87:899-909

Sekizaki H, Yokosawa R. 1988. Studies
on zoospore-attracting activity. . Syn-
thesis of isoflavones and their attract-
ing activity to Aphanomyces euteiches
zoosporeChem. Pharm. Bull36:4876—
80

Sekizaki H, Yokosawa R, Chinen C,
Adachi H, Yamane Y. 1993. Studies
on zoospore-attracting activity. Il. Syn-
thesis of isoflavones and their attract-
ing activity to Aphanomyces euteiches
zoosporeBiol. Pharm. Bull 16:698-701
Deleted in proof

Siefert F, Grossmann K. 1997. Induction
of chitinase and beta-1,3-glucanase ac-
tivity in sunflower suspension cells in
response to an elicitor frorPhytoph-
thora megaspermiasp.glycinea(Pmg.
Evidence for regulation by ethylene and
1-aminocyclopropane-1-carboxylic acid
(ACC). J. Exp. Bot48:2023-29
Spielman LJ, McMaster BJ, Fry WE.
1989. Dominance and recessiveness at
loci for virulence against potato and
tomato inPhytophthorainfestan3heor.
Appl. Genet77:832-38

Steele CL, Gijzen M, Qutob D, Dixon
RA. 1999. Molecular characterization of
the enzyme catalyzing the aryl migra-
tion reaction of isoflavonoid biosynthe-
sis in soybeanrArch. Biochem. Biophys.
367:146-50

Stratmann J, Scheer J, Ryan CA. 2000.
Suramin inhibits initiation of defense
signaling by systemin, chitosan, and
a beta-glucan elicitor in suspension-
culturedLycopersicon peruvianuoells.
Proc. Natl. Acad. Sci. US87:8862—67



166 TYLER

144. Tang X, Frederick RD, Zhou J, Halter-
man DA, Jia Y, Martin GB. 1996. Initia-

tion of plant disease resistance by physi- 153.

cal interaction of AvrPto and Pto kinase.
Science274:2060-63

145. Tepfer D, Boutteaux C, Vigon C, Aymes
S, Perez V, et al. 199&hytophthora
resistance through production of a fun-

gal protein elicitor (beta-Cryptogein) in 154.

tobacco.Mol. Plant-Microbe Interact.
11:64-67

146. Torto G, Styer A, Kamoun S. 2001. From
sequence to function: novel extracel-
lular signal proteins fromPhytoph-
thora infestansint. Congr. Mol. Plant-
Microbe Interact., 18. Madison, WI.
275 (Abstr.)

147. Tyler BM. 2001. Genetics and genomics 156.

of the Oomycete-host interfac&rends
Genet.17:611-14

148. Tyler BM, Forster H, Coffey MD. 1995.
Inheritance of avirulence factors and

RFLP markers in outcrosses of the 157.

Obmycete Phytophthora sojae Mol.
Plant-Microbe Interact8:515-23

149. Tyler BM, Wu M-H, Wang J-M, Cheung
WWS, Morris PF. 1996. Chemotactic
preferences and strain variation in the re-
sponse oPhytophthora sojagoospores
to host isoflavonesAppl. Environ. Mi-
crobiol. 62:2811-17

150. Umemoto N, Kakitani M, lwamatsu A,
Yoshikawa M, Yamaoka N, Ishida I.

1997. The structure and function of 159.

a soybean beta-glucan-elicitor-binding
protein.Proc. Natl. Acad. Sci. USA4:
1029-34

151. Van De Weg W. 1997. A gene-for-

gene model to explain interactions be- 160.

tween cultivars of strawberry and races
of Phytophthora fragariaevar. fra-
gariae Theoret. Appl. Genet94:445—
51

152. van der Lee T, Robold A, Testa A, van 't

Klooster JW, Govers F. 2001. Mapping 161.

of avirulence genes iRhytophthora in-
festanswith amplified fragment length
polymorphism markers selected by bul-

ked segregant analysi$&enetics157:
949-56

Veit S, Wotle JM, Nuernberger T, Koch
W, Seitz HU. 2001. A novel protein
elicitor (PaNie) fromPythium aphani-
dermatuminduces multiple defense res-
ponses in carrot, Arabidopsis, and to-
bacco.Plant Physiol.127:832-41
Waldmueller T, Cosio EG, Grisebach H,
Ebel J. 1992. Release of highly elicitor-
active glucans by germinating zoospores
of Phytophthora megaspernfasp. gly-
cinea Planta188:498-505

. Walker SJ, Bosland PW. 1999. Inheri-

tance of phytophthora root rot and foliar
blight resistance in peppel. Am. Soc.
Hortic. Sci.124:14-18

Wang J. 1999Chemotactic response of
zoospores oPhytophthora sojato iso-
flavones and study of chemotaxis speci-
ficity genes irP. sojae. MS thesis. Univ.
Calif., Davis

Wang Z-X, Yano M, Yamanouchi U,
Iwamoto M, Monna L, et al. 1999. The
Pib gene forrice blast resistance belongs
to the nucleotide binding and leucine-
rich repeat class of plant disease resis-
tance geneflant J.19:55-64

. Wendehenne D, Binet M-N, Blein J-P,

Ricci P, Pugin A. 1995. Evidence for
specific, high-affinity binding sites for a
proteinaceous elicitor in tobacco plasma
membraneFEBS Lett374:203-7
Whisson SC, Drenth A, Maclean DJ,
Irwin JAG. 1994. Evidence for outcross-
ing in Phytophthora sojaand linkage of

a DNA marker to two avirulence genes.
Curr. Genet27:77-82

Whisson SC, Drenth A, Maclean DJ,
Irwin JAG. 1995. Phytophthora sojae
avirulence genes, RAPD and RFLP mar-
kers used to construct a detailed genetic
linkage mapMol. Plant-Microbe Inter-
act.8:988-95

Whisson SC, van der Lee T, Bryan GJ,
Waugh R, Govers F, Birch PRJ. 2002.
Physical mapping across an avirulence
locus of Phytophthora infestanssing a



PHYTOPHTHORAIOST RECOGNITION

167

162.

163.

164.

165.

high representation, large insert bacte-166. Yu LM. 1995. Elicitins fromPhytoph-

rial artificial chromosome libraryMol.
Genet. Genomic$n press

White FF, Yang B, Johnson LB. 2000. 167.

Prospects for understanding avirulence
gene functionCurr. Opin. Plant Biol.3:
291-98

Whitehead IM, Atkinson AL, Threlfall

DR. 1990. Studies on the biosynthesis 168.

and metabolism of the phytoalexin lu-
bimin and related compounds Datura
stramoniuni. Planta182:81-88

Xu C, Morris PF. 1998. External cal-
cium controls the developmental strategy
of Phytophthora sojaeysts.Mycologia
90:269-75

Xu H, Mendgen K. 1994. Endocytosis
of 1,3-beta-glucans by broad bean cells
at the penetration site of the cowpea rust
fungus (haploid stagefplanta195:282—
90

thora and basic resistance in tobacco.
Proc. Natl. Acad. Sci. US82:4088-94
Yu O, Jung W, Shi J, Croes RA, Fader
GM, et al. 2000. Production of the
isoflavones genistein and daidzein in
non-legume dicot and monocot tissues.
Plant Physiol.124:781-93

Zinov'eva SV, Vasyukova NI, I'inskaya
LI, Udalova zV, Ozeretskovakaya OL.
1997. Immunization of tomato plants
against root-knot nematodeleloidog-
yne incognitawith biogenic elicitors.
Prikl. Biokhim. Mikrobiol.33:329-33

. Zook M, Kuc J. 1987. Arachidonic and

eicospentaenoic acids, glucans and cal-
cium as regulators of resistance to a plant
disease. InThe Metabolism, Structure
and Function of Plant Lipidsed. PK
Stumpf, JB Mudd, WD Nes, pp. 75-82.
New York: Plenum



Copyright © 2002 EBSCO Publishing



Copyright of Annual Review of Phytopathology is the property of Annual Reviews Inc. and its
content may not be copied or emailed to multiple sites or posted to a listserv without the copyright
holder's express written permission. However, users may print, download, or email articles for
individual use.



