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ABSTRACT

Plant pathogens have evolved numerous strategies to obtain nutritive materials from their host, and plants in turn have evolved the
preformed physical and chemical barriers as well as sophisticated two-tiered immune system to combat pathogen attacks. Genetically,
plant resistance to pathogens can be divided into qualitative and quantitative disease resistance, conditioned by major gene(s) and multiple
genes with minor effects, respectively. Qualitative disease resistance has been mostly detected in plant defense against biotrophic
pathogens, whereas quantitative disease resistance is involved in defense response to all plant pathogens, from biotrophs, hemibiotrophs to
necrotrophs. Plant resistance is achieved through interception of pathogen-derived effectors and elicitation of defense response. In recent
years, great progress has been made related to the molecular basis underlying host—pathogen interactions. In this review, we would like to
provide an update on genetic and molecular aspects of plant resistance to pathogens.
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INTRODUCTION

Plants are in a continuous evolutionary battle against
a multitude of microbial and other pathogens. Pathogens
usually access the plant interior either by penetrating the leaf
and root surfaces directly or by entering through wounds and
natural openings such as leaf stomata. During the invasion
process, plant pathogens degrade the cell wall by synthesizing
and liberating cell wall-degrading enzymes, then deliver
pathogen effectors by specialized infection structures, and
eventually interfere with the normal activities of the host
(Pajerowska-Mukhtar and Dong, 2009; Tilsner and Oparka,
2010; Horbach et al., 2011). Plants in turn have evolved
sophisticated defense mechanisms to combat pathogen inva-
sion by blocking pathogen entrance and activating a range of
defense responses. The first barriers that pathogens face are
the waxy cuticular layers and cell wall as well as preformed
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antimicrobial compounds. Once pathogens penetrate the cell
wall, the plant two-tiered innate immune system is activated to
counter-attack pathogen invasion. The first tier of plant
immune system is PAMP-triggered immunity (PTI), which is
based on the sensitive perception of pathogen- or microbe-
associated molecular patterns (PAMPs or MAMPs), and the
second tier is effector-triggered immunity (ETI), which
perceives effectors produced by pathogens that have evaded
PTI (Jones and Dangl, 2006).

In this review, the genetic and molecular aspects of plant
resistance will be discussed, including the genetic basis for
plant resistance, signaling pathways, perception of pathogens
and defense mechanisms of plants.

GENETIC BASIS OF PLANT DISEASE RESISTANCE
Qualitative and quantitative disease resistance

Plant disease resistance is generally divided into qualitative
and quantitative resistance. The former is controlled by major
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R gene(s), and the latter is conditioned by multiple genes with
minor effects (Poland et al., 2009).

R gene usually confers complete resistance to a specific
pathogen or pathogen race and is easy to manipulate for basic
research and crop improvement. Many R genes have been
cloned, and the downstream responses triggered by R genes
are becoming increasingly well understood. As the resistance
mediated by major R genes can be rapidly overcome by new
virulent pathogens, R genes represent a frustrating battle in
disease control for plant breeders and farmers.

Quantitative disease resistance (QDR) is controlled by
multiple genes, each contributing to partial resistance. QDR
leads to lower selection pressure against pathogen variants,
and those that overcome an individual quantitative resistance
locus (QRL) have little advantage. Thus, quantitative disease
resistance tends to be more durable than R gene-mediated
resistance (Parlevliet, 2002). Many studies on quantitative
disease resistance have indicated its importance in crop
disease improvement, and variation in quantitative disease
resistance can be exploited by traditional or marker-aided
plant breeding methods, leading to a commercially accept-
able level of disease control.

Major genes for disease resistance

In the last two decades, numerous R genes for qualitative
resistance have been cloned from many plant species, and they
can be generally divided into seven classes based on their amino
acid motif organization and membrane-spanning domains
(Gururani et al., 2012). The largest class consists of NBS-LRR
genes, which contain a nucleotide-binding site (NBS) and
a leucine-rich repeat (LRR) domain (Young, 2000). NBS-LRR
genes in plants are typically divided into two groups according
to their N-terminal domains: one is the TIR group genes that are
composed of an N-terminal domain having homology to the
intracellular domain of the Drosophila Toll and mammalian
interleukin-1 receptors, and the other group of genes code for
the CC (coiled-coil) domain (Gururani et al., 2012). There are
about 200 genes that encode proteins with similarity to the
nucleotide-binding site and other domains characteristic of
plant resistance proteins in Arabidopsis, in which 149 are NBS-
LRR proteins (Meyers et al., 2003). The second class is char-
acterized by extra-cytoplasmic LRRs and a C-terminal
membrane anchor, represented by the tomato Cf genes (Jones,
2001). The rice Xa2l gene, which confers resistance to
a bacterial pathogen, is characteristic for the third class of R
genes, as it features both extracellular LRRs and a trans-
membrane protein kinase (Song et al., 1995). The Arabidopsis
RPW8 protein is an example of the fourth class of resistance
gene encoding proteins, which contains a membrane protein
domain and a putative coiled-coil domain (CC) (Wang et al.,
2009; Gururani et al., 2012). The fifth class of resistance gene
encoding protein contains putative extracellular LRRs, a PEST
(Pro-Glu-Ser-Thr) domain and short motifs that might target the
protein for receptor-mediated endocytosis. This class is repre-
sented by the Vel and Ve2 genes in tomato (Kawchuk et al.,
2001). The sixth class is represented by the RRSI-R gene in

Arabidopsis, which has a C-terminal extension with a putative
nuclear localization signal (NLS) and a WRKY domain
(Deslandes et al., 2002). The seventh class encodes enzymatic
proteins which contain neither a LRR nor NBS domain. For
example, the maize Hm1 gene that provides protection against
corn leaf blight caused by the fungal pathogen Cochliobolus
carbonum encodes an enzyme, HC toxin reductase, which
detoxifies a specific cyclic tetrapeptide toxin produced by the
fungus (Johal and Briggs, 1992).

In addition to the above mentioned classification for
mostly dominant resistance genes, several recessive resis-
tance genes have been identified in plants. For example, two
recessive genes, bs5 and bs6, which control resistance to all
known races of Xanthomonas euvesicatoria in peppers, have
been characterized (Vallejos et al., 2010). In rice, a novel
recessive resistance gene, xa34, was mapped to a 204-kb
interval and confers resistance against Xanthomonas oryzae
pv. oryzae (Zhu et al.,, 2011). A question for recessive
resistance genes is whether they are really resistance genes
or are simply mutant forms of susceptibility alleles? If
susceptibility is an active process in which a host gene is
targeted by a pathogen protein to induce susceptibility, then
the recessive resistance may be a passive process due to lack
of susceptibility instead of activation of defense responses.
Though investigations of recessive resistance genes are still
in the early stages, the current available evidence favor the
hypothesis that the recessive resistance is a passive process.
For instance, the resistance mediated by a recessive rice
xal3 gene can be overcome by the disease susceptibility
gene OslI-N3 (Yang et al., 2010). Several evidence sug-
gested that xal3 has atypical R gene responses, which
indicates that Xal3 may act as susceptibility allele and xal3
is the mutant form (Iyer-Pascuzzi and McCouch, 2007). The
pvr2 locus in pepper corresponds to an eukaryotic initiation
factor 4E (elF4E) gene, conferring recessive resistance
against strains of potato virus Y (PVY) (Ruffel et al., 2002).
The novel function for eIF4E supports virus (Potyvirus, pea
seed-borne mosaic virus) movement from cell-to-cell, in
addition to its probable support for viral RNA translation
(Gao et al., 2004). The interaction between the Potyvirus
genome-linked protein (VPg) and eIF4E is important for
virus infectivity; and the recessive resistance results from
incompatibility between the VPg and eIF4E in the resistant
genotype (Ruffel et al., 2002).

Quantitative loci for disease resistance

Quantitative resistance loci (QRL) may be involved in
a wide range of biological activities in plants, including 1)
regulating morphological phenotypes and developmental
process, 2) promoting basal defense, 3) encoding enzymes to
detoxify pathogen-produced phytotoxins, 4) assisting with
defense signal transduction, 5) circadian clock-associated
genes, and 6) weaker alleles of R genes or a unique set of
previously unidentified genes.

Flowering time is closely correlated with resistance to
many pathogens, as susceptibility is enhanced after
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flowering, indicating that QRL may be genes that regulate
flowering time (Collins et al., 1999). PAMP-triggered
immunity, a form of basal defense, confers resistance to
broad-spectrum pathogens in plants. In this case, QRL
represent mutants or different alleles of genes involved in
basal defense (Dunning et al., 2007). The level of camalexin
is correlated with quantitative disease resistance based on
a biochemical study of the Arabidopsis—Botrytis pathos-
ystem, and camalexin sensitivity of different pathogen
isolates contributes to isolate specificity (Denby et al., 2004;
Kliebenstein et al., 2005; Schlaeppi et al., 2010), indicating
that QRL may be related to the production of anti-pathogen
chemicals. Activation of the salicylic acid (SA)-dependent
signaling pathway can lead to expression of certain
pathogenesis-related proteins that contribute resistance to
biotrophs. Likewise, activation of the jasmonic acid (JA)- and
ethylene-dependent signaling pathways strengthens plant
defense responses to necrotrophs (Thomma et al., 1998;
Pieterse et al., 2009). Moreover, SA, JA, and ethylene
signaling pathways interact extensively with one another
(Koornneef and Pieterse, 2008; Robert-Seilaniantz et al.,
2011). There are many examples of signaling components
that regulate variable levels of susceptibility when mutated
(Koornneef and Pieterse, 2008). Therefore, different alleles
of the genes involved in the regulation of these signaling
pathways are speculated to be QRL (Poland et al., 2009).
Recently, some novel genes involved in R gene-mediated
resistance against downy mildew were identified in Arabi-
dopsis and they were controlled by the circadian regulator,
CIRCADIAN CLOCK-ASSOCIATED 1 (CCAl). In addi-
tion, an interconnection between R gene-mediated pro-
grammed cell death (PCD) and basal resistance was also
established, as an alteration in the former was also affecting
the latter (Wang et al., 2011b). There are reports of quanti-
tative disease resistance that is controlled by non-classical
resistance genes. For instance, pi34, which shows partial
resistance to rice blast, is located in a 65.3-kb interval,
spanning 10 open reading frames and none of the candidate
genes have sequence similarity to any previously reported
defense genes (Zenbayashi-Sawata et al., 2007).

To date, only a few QRL conferring QDR have been cloned
and characterized. In rice, some QRL represent genes that
have not been previously reported to function in disease
resistance, such as the pi2/ gene for rice blast, which encodes
a mutated proline-rich protein and has no similarity to
currently known defense-related genes (Fukuoka et al., 2009).
In wheat, Yr36 confers resistance to a broad spectrum of stripe
rust races under high temperatures (25°C—35°C) in adult
plants, and encodes both kinase and putative START
(steroidogenic acute regulatory protein-related lipid transfer)
lipid binding domains, which were essential to confer resis-
tance (Fu et al., 2009). Lr34 confers resistance to slow rust,
leaf rust, and powdery mildew in wheat and has been used for
over 50 years in breeding. The protein encoded by Lr34 is
a putative adenosine triphosphate-binding cassette (ABC)
transporter of the pleiotropic drug resistance subfamily
(Krattinger et al., 2009).

MECHANISMS UNDERLYING PLANT RESISTANCE
TO PATHOGENS

Biotrophic and necrotrophic pathogens

Plant pathogens are broadly divided into biotrophs and
necrotrophs, according to their lifestyles. Biotrophic patho-
gens gain nutrients from living host tissue, whereas
necrotrophic pathogens kill host tissue and feed on the
remains. There are, however, many hemi-biotrophic pathogens
that behave as both biotrophs and necrotrophs, depending on
the conditions or the stages of their life cycles. Many fungi
that are commonly considered necrotrophs but have a bio-
trophic stage early in their infection process, and may thus be
better described as hemibiotrophs (Pieterse et al., 2009). The
molecular mechanisms underlying activation of plant defense
responses are quite different between biotrophs and
necrotrophs.

Plant resistance to biotrophs

Previous studies suggest that plant defense against bio-
trophic pathogens is largely due to gene-to-gene resistance
(Glazebrook, 2005) (Fig. 1). R gene-mediated resistance
usually results in hypersensitive response (HR), which is
thought to be very important for plants to combat biotrophic
pathogens, such as Peronospora parasitica, Pseudomonas
syringae, and Erysiphe spp., by restricting their access to
water and nutrients (Glazebrook et al., 1997; Aarts et al.,
1998; Feys et al., 2001). R gene-mediated resistance also
activates SA-dependent signaling, leading to an activation of
a string of presumed defense effector genes. This activation of
SA signaling occurs throughout the plant to develop systemic
acquired resistance (SAR) against subsequent pathogen
infections (Glazebrook, 2005). During SAR, deposition of
callose and lignin occurs in the plant cell walls, and plants
acquire the ability to mount a rapid HR. Analysis of Arabi-
dopsis mutants with defects in various defense-related
signaling pathways provides support for the idea that SA
signaling can result in resistance to biotrophic pathogens. For
instance, both EDSI and PAD4 play important roles in SA
signaling, and mutations in these two loci weaken resistance to
some P. parasitica isolates. The NPRI (Nonexpressor of
pathogenesis-related genes 1) gene is a master regulator for
SA signaling. The nprl mutant is more susceptible to a variety
of pathogens (Cao et al., 1994; Bi et al., 2011). Mutants with
defective SA synthesis, including eds5 (Nawrath and Metraux,
1999) and sid2 (Nawrath and Metraux, 1999) show enhanced
susceptibility to P. syringae as well. Two plant-specific DNA-
binding proteins, SAR Deficient 1 (SARD1) and CBP60g, are
key regulators for SA synthesis. Knocking out SARDI
compromises basal resistance and SAR. In the sardi-1/
¢bp60g-1 double mutant, pathogen-induced SA synthesis are
blocked in both local and systemic leaves, resulting in
compromised basal resistance and loss of SAR (Zhang et al.,
2010c). In addition, the expression of CBP60g/SARDI-
dependent resistance-related genes are modulated by
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Fig. 1. Molecular basis of plant resistance to pathogens.

The upper part of the diagram is the defense response to necrotrophic pathogens, conferred by RLKSs, defensin, phytoalexin, and JA/ET signaling. The lower part of
the diagram is the two-tiered immune system of plant resistance to biotrophic pathogens. The first tier of defense (PTI) is triggered on perception of PP/DAMPs by
membrane-anchored PRRs, followed by activation of MAPK cascade and downstream transcription factors, leading to immune responses. The second tier of
defense is elicited by pathogen effector via an interaction with R protein (ETI), in which the interaction between R protein and pathogen effector oscillates between
compatible and incompatible reactions over time. The R gene-mediated resistance to biotrophic pathogens usually results in hypersensitive response (HR), and
meanwhile activates SA-dependent signaling, leading to systemic acquired resistance (SAR). Abbreviations: HSTs, host-selective toxins; PRRs, pattern recognition
receptors; TTSS, type III secretion system; ROS, reactive oxygen species; HR, hypersensitive response; P/DAMPs, pathogen/damage-associated molecular

patterns.

CBP60g/SARDI, suggesting that CBP60g and SARD1 affect
defense responses in addition to SA production (Wang et al.,
2011a).

Plant resistance to necrotrophs
Generally it was assumed that no gene-for-gene resistance

functions in resistance to necrotrophic pathogens, but it was
indicated in a number of reports that several plant pattern

recognition receptors (PRRs) are involved in the perception of
necrotrophic fungi, such as receptor-like protein kinases
(RLKs) (Llorente et al., 2005; Berrocal-Lobo and Molina,
2008) (Fig. 1). One of the putative RLKs is encoded by
BIK1 (Botrytis-induced kinase 1) gene, which is predicted to
be involved in early stages of plant defense against B. cinerea
and A. brassicicola (Veronese et al.,, 2006). Host-selective
toxins (HSTs) are considered as efficient weaponry of
necrotrophic fungi and the diseases caused by necrotrophs are
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manifested by the appearance of necrotic lesions (Ciuffetti and
Tuori, 1999; van Kan, 2006). For instance, tan necrosis caused
by the fungus Pyrenophora tritici-repentis results from the
action of the HST toxin, Ptr ToxA (Ciuffetti and Tuori, 1999).
Exogenous application of the phytotoxin botrydial causes
severe chlorosis and collapse in plant tissue to facilitate
penetration and colonization of fungal Botrytis cinerea
(Colmenares et al., 2002). Phytoalexins are low-molecular-
weight antimicrobial compounds produced in response to
pathogen infection or treatments with various abiotic elicitors.
One of them, phytoalexin camalexin, is an indole derivative
produced by Arabidopsis in response to infection by the
bacterial pathogen P. syringae (Fig. 1). The pad3 mutation,
which inhibits camalexin production, has no negative effect on
resistance to the biotrophic pathogen P. syringae, but does lead
to decreased resistance to the necrotrophic fungal pathogen A.
brassicicola (Thomma et al., 1999a; Zhou et al., 1999). This
clearly demonstrates that camalexin plays an important role in
Arabidopsis resistance to necrotrophs (Chassot et al., 2008).
Camalexin was later shown to enhance the resistance against
two other necrotrophic pathogens, B. cinerea and L. maculans
(Bohman et al., 2004). In plants, a group of small cysteine-rich
proteins, known as defensins, displays antimicrobial activities
against micrographic fungi, which is considered an active
participant in the plant innate immunity by triggering fungal
membrane permeabilization and reducing hyphal elongation
(Aerts et al.,, 2007) (Fig. 1). A pathogenesis-related gene
PDF1.2, encoding defensin in Arabidopsis, was regulated by
JA. Tt was reported that plants decreased in JA signaling
exhibit a low level of PDFI.2 expression during fungal
infection and show enhanced susceptibility (Mengiste et al.,
2003; Veronese et al., 2004).

JA- and ethylene-mediated defense responses are expected
to play key roles in resistance to necrotrophic pathogens (Xie
et al., 1998; Thomma et al., 1998; Thomma et al., 1999a)
(Fig. 1). As known, JA activity in Arabidopsis requires the
function of COIl (Xie et al., 1998; Pre et al., 2008). Plants
with mutations in coil show enhanced susceptibility to
infection by the fungal pathogen B. cinerea, indicating that
JA signaling is required for resistance to necrotrophs
(Thomma et al., 1998). In Arabidopsis, the ethylene-
insensitive ein2-I mutants are more susceptible than wild-
type plants to infection by two different strains of B.
cinerea (Thomma et al., 1999a). Inoculation of wild-type
Arabidopsis plants with the fungus Alternaria brassicicola
results in an activation of three resistance genes, and these
genes fail to function in the ein2-1 mutant (Thomma et al.,
1999a). Furthermore, the A. brassicicola and B. cinerea
necrotrophs are restricted by JA- or ethylene-dependent
defense responses (Thomma et al., 1999b; Ferrari et al.,
2003; Bohman et al., 2004). These findings support the idea
that JA- and ethylene-controlled responses play vital roles in
Arabidopsis resistance to necrotrophic pathogens. In addition,
treatment of pad3 plants with exogenous JA reduces the
susceptibility to infection by Botrytis cinerea (Thomma et al.,
1998), further supporting the idea that JA signaling is
required for resistance.

HR is associated with increased resistance against bio-
trophs but decreased resistance to necrotrophs. HR does not
protect Arabidopsis against infection by B. cinerea, which is
the necrotrophic pathogen that attacks more than 200 plant
species including many crops (Kliebenstein and Rowe, 2008).
The high level of HR activated in biotroph-plant pathosystems
may also provide an entry for necrotrophs in the local
environment.

RNA silencing in plant resistance

A primary means by which plant defend against viral
infection is RNA silencing (Dinesh-Kumar, 2009), which is
triggered by double-stranded RNA. The RNA sequence that is
homologous to the dsRNA is degraded and the gene that
encodes the RNA is effectively silenced (Meister and Tuschl,
2004). It was reported that most plant viruses are RNA viruses.
The RNA silencing process is composed of the dsSRNA trigger,
the processor Dicer or a Dicer-like (DCL) protein, small RNAs
(siRNAs or miRNAs) of 21—24 nt in length and the effector
complex RISC in which the Argonaute (AGO) protein is the
key player. Viruses encode RNA-dependent RNA polymerases
(RdRPs) and produce the opposite-sense of the viral genome
in the first step of replication, thus generating many long
dsRNA species that trigger RNA silencing (Waterhouse et al.,
1998; Dalmay et al., 2000;). It was also suggested that viral
RNA secondary structures might be the trigger of RNA
silencing (Vance and Vaucheret, 2001). In plants, there are
several homologues of the DICER endonuclease, and these
DCL enzymes generate siRNA (short interfering RNA) in an
antiviral response (Xie et al., 2004). Virus-induced gene
silencing (VIGS) functions as a natural antiviral defense
mechanism, in which host RNA silencing machinery targets
and processes the virus derived dsRNA into vsiRNAs (virus-
derived siRNAs) that are then recruited to host RISC
complexes, which target and inhibit gene expression and
protein translation in the viral genome. Viral effectors could
suppress the host RNA silencing responses. Such suppressors
have been identified in many plant viruses (Dinesh-Kumar,
2009). These studies indicate that the different suppressors
interfere with the host-silencing machinery, and many viruses
independently developed means to suppress RNA silencing.

A TWO-TIERED INNATE IMMUNE SYSTEM
IN PLANTS

Plants lack mobile defender cells and a somatic adaptive
immune system. Instead, they have evolved an innate immune
system that efficiently detects potentially dangerous microbes
and then counter-attacks their invasion. There are two tiers in
the plant immune system. The first tier is based on the
sensitive perception of PAMPs (or MAMPs) through PRRs on
the cell surface of the plant. Immune responses to PAMPs are
categorized as PTI. Successful pathogens have evolved to
produce effectors to inhibit PTI, and plants can perceive such
effectors through additional receptors (R proteins) to form the
second tier of defense, ETI. There is a dynamic co-evolution
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between plants and pathogens, and this dynamic process
continues, as some pathogens have acquired effectors that
interfere with ETI (Jones and Dangl, 2006).

PTI

As the first tier of the plant resistance system, PTI is trig-
gered by PAMPs. Although numerous PAMPs have been
described, only a few pattern recognition receptors (PRRs)
have been identified so far (Zipfel, 2009) (Fig. 1). A typical
example is the leucine-rich repeat-receptor-like protein kinase
(LRR-RLK), named FLS2, which is located in the plasma
membrane to bind a bacterial flagellin that contains a 22-
amino acid epitope (flg22) (Gomez-Gomez and Boller, 2000).
FLS2 initiates immune signaling by association with another
leucine-rich repeat-receptor-like kinase, BAK1. A receptor-
like cytoplasmic kinase BIKI1 1is rapidly phosphorylated
upon flagellin perception by both FLS2 and BAKI. Phos-
phorylated BIKI1 then transphosphorylates FLS2/BAK1 to
propagate flagellin signaling (Lu et al., 2010). The mitogen
activated protein kinases (MAPKSs) are involved in various
processes in plants, including plant immunity (Asai et al.,
2002). A complete MAPK cascade and downstream tran-
scription factors are then activated after flg22 detection, which
activates the defense response (Nicaise et al., 2009). FLS2 was
reported to activate two MAPK cascades. One consists of an
MEKK-MKK4/5-MPK3/6 complex and acts positively on
PTI, while the other consists of MEKK1-MKK1/2-MPK4 and
acts negatively on PTI (Nicaise et al., 2009; Pandey and
Somssich, 2009). During PTI, activation of the MAPK
cascade leads to the activation of WRKY-type transcription
factors and key regulators of plant immunity (Pandey and
Somssich, 2009). Elongation factor Tu (EF-Tu) is one of the
most abundant bacterial proteins and is recognized as a PAMP
in Arabidopsis and other Brassicaceae (Kunze et al., 2004;
Zipfel et al., 2006). The EF-Tu-derived peptide elf18, a highly
conserved N-acetylated 18-amino acid peptide, is sufficient to
trigger immune response. The plant PRR for EF-Tu is the
LRR-RLK EF-Tu receptor (EFR), which belongs to the same
subfamily (LRRXII) as FLS2 (Zipfel, 2009). FLS2 and EFR
may oligomerize with BAKI1, a general regulator of LRR-
RLKs, and other SERK proteins in a ligand-dependent
manner (Zipfel, 2009). The two receptor-like proteins
LeEIX1 and LeEIX2, which contain a Leucine zipper, an
extracellular Leu-rich repeat domain with glycosylation
signals, a transmembrane domain, and a C-terminal domain
with a mammalian docytosis signal, have been identified in
tomato for perception of the ethylene-inducing xylanase, (Ron
and Avni, 2004). Chitin is a major constituent of the cell wall
of most fungi, and products degraded from chitin, N-acetyl-
glucosamine and N-acetylchito-oligosaccharides, are potent
PAMPs in several plant species (Kaku et al., 2006). The rice
chitin-binding protein CEBiP is a transmembrane protein, and
silencing of CEBIP in rice reduces chitin binding, suggesting
that it constitutes the chitin PRR (Zipfel, 2009). In legumes,
a soluble B glucan-binding protein can potentially release and
then bind two ligands, 1,6-B-linked and 1,3-B-branched

heptaglucoside, that are present in the cell wall of the oomy-
cete Phytophthora sojae during contact (Fliegmann et al.,
2004; Zipfel, 2009). However, the signaling pathway after
perception is unclear. A semidominant Arabidopsis mutant,
snc2-1D, constitutively activates defense responses. A
suppressor screen of snc2-1D revealed that mutations in
WRKY?70 suppress the constitutive defense responses in snc2-
I1D. Since WRKY70 may have a role in the regulation of
conversion of SA to salicylic acid glucoside (SAG), this
suggests that WRKY70 functions in an SA-independent
pathway downstream of snc2-1D (Zhang et al., 2010d).

Other receptor-like proteins were identified in tomato and
Arabidopsis, but their detailed interactions and signaling
mechanisms are unknown (Ferrari et al., 2007; Schwessinger
and Zipfel, 2008). In addition to PAMPs, plant cells can
recognize molecules from damaged host cells upon microbial
attack, which are referred to as damage-associated molecular
patterns (DAMPs) (Lotze et al., 2007; Qutob et al., 2006a). For
example, plants can recognize oligo-a-galacturonides released
from damaged cell walls by fungal hydrolytic enzymes and
Nepl-like (necrosis and ethylene-inducing peptidel-like)
proteins secreted by many pathogens (Nurnberger et al., 2004).

Recognition of PAMPs is associated with a series of
responses to prevent microbial growth (Nicaise et al., 2009).
The first physiological response to PAMP recognition in plant
cells is alkalinization of the growth medium (Garcia-Brugger
et al., 2006). There are fluxes of H", K, Cl~, and Ca*"
after PAMP treatment (Jabs et al., 1997). In addition, elevation
of cytoplasmic Ca®", which is mediated by an increase in
Ca®" influx, is a critical step in plant innate immunity
(Nicaise et al., 2009). Plant recognition of PAMPs induces
rapid and transient production of reactive oxygen species
(ROS) in an oxidative burst (Zhang et al., 2007), and the
production of RbohD-dependent ROS appears to be down-
stream or independent of MAPK activation (Nicaise et al.,
2009). The accumulation of callose, which is synthesized
between the cell wall and the plasma membrane, as well as
stomatal closure, are classic markers of PTI (Spoel and Dong,
2008; Bari and Jones, 2009) (Fig. 1). In addition, the SA, JA,
and ethylene defense hormones are induced in PTI (Jones and
Dangl, 2006).

ETI

During the development of ETI, plants evolved R genes to
detect pathogen effectors and trigger defense responses
(Fig. 1), and pathogens, in turn, have evolved new effectors to
evade ETI. Such interactions between R proteins and effectors
oscillate between compatible and incompatible reactions over
time (Qutob et al., 2006b). Genes encoding pathogen effectors
that induce R gene-mediated resistance are defined as Avr
genes, which qualitatively reduce virulence but only when the
host has the cognate R gene (Martin et al., 1993; Oh and
Martin, 2011). Several plant bacterial pathogens contain
members of the type III secretion system (TTSS) protein
family, which has the ability to deliver bacterial virulence
effectors directly into the host cells (He et al., 2004). Pto was
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the first disease resistance gene cloned from plants, which
encodes an intracellular Ser/Thr protein kinase that activates
ETI in tomato (Oh and Martin, 2011). In concert with Prf,
a NBS-LRR protein, Pto triggers a resistance response by
interacting with either the AvrPto or AvrPtoB effector proteins
delivered into the plant cell by Pseudomonas syringae pv.
tomato (Oh and Martin, 2011). During the past 15 years, about
25 genes that play a role in Pto-mediated ETI have been
identified by loss-of-function studies (Oh and Martin, 2011).

As mentioned above, plants can overcome pathogen
suppression of PTI and re-establish ETI, but it is uncertain
how they do this. During infection of Arabidopsis by Pseu-
domonas syringae pv tomato DC3000, the pathogen effector
HopM1 destabilizes a host ADP ribosylation factor guanine
nucleotide exchange factor, AtMIN7, through the host 26S
proteasome (Nomura et al., 2006; Nomura et al., 2011).
AtMIN7 is required not only for PTI but also for ETI, and the
posttranscriptional AtMIN7 level increases in response to
activation of PTI (Nomura et al., 2011). Blocking pathogen
degradation of AtMIN7 is a critical part of the ETI mechanism
to counter bacterial suppression of PTI. AvrPphB is a cysteine
protease that cleaves the Arabidopsis receptor-like cyto-
plasmic kinase PBS1 to trigger cytoplasmic immune receptor
RPS5-specified ETI. It was shown that AvrPphB can inhibit
PTI by cleaving PBS1-like (PBL) kinases in plants lacking
RPS5. AvrPphB-mediated degradation of PBS1 is monitored
by RPS5, to initiate ETI, and AvrPphB targets other PBL
kinases for PTI inhibition (Zhang et al., 2010a). SUMM?2 is
a nucleotide-binding leucine-rich repeat (NB-LRR) R protein,
and SUMM2-mediated immunity is negatively regulated by
the MEKKI-MKKI/MKK2-MPK4 cascade. Inhibition of
MPK4 kinase activity by the Pseudomonas syringae patho-
genic effector HopAll resulted in the activation of SUMM?2-
mediated defense responses (Zhang et al., 2012)

As an indicator of the evolutionary battle between plants
and pathogens, ETI itself can be suppressed by other effectors.
HopZla is a P. syringae pv. syringae type III effector,
a member of the HopZ effector family of Cys-proteases that
triggers immunity in Arabidopsis. HopZ1a-triggered immunity
is independent of salicylic acid (SA), EDSI1, jasmonic acid
(JA), and ethylene-dependent pathways. Moreover, HopZ1la
suppresses the induction of PR-1 and PR-5 associated with
Pto-triggered ETI-like defenses, AvrRpt2-triggered immunity,
and Pto activation of SAR, and that suppression requires
HopZla Cys protease activity (Macho et al., 2010).

As a PRR, FLS2 not only recognizes a part of bacterial
flagellin but also is physically associated with three R proteins,
RPM1, RPS2, and RPS5 (Qi et al., 2011), indicating a possible
association of PTI and ETI receptors in Arabidopsis. More-
over, PTI and ETI differentially contribute to basal resistance
(Tsuda and Katagiri, 2010; Zhang et al., 2010b).

Comparing signaling pathways engaged in PTI and ETI
PTI and ETI are two separate tiers of the plant immune

system, but, at least in some cases, PTI and ETI extensively
share downstream signaling machinery. Transcriptional

reprogramming, programmed cell death, and hormonal
changes are triggered during both PTI and ETI as common
plant immune responses. However, there are differences in
how plants use these common signaling networks in PTI and
ETI

Analysis of the Arabidopsis transcriptome using a whole-
genome DNA microarray revealed that exposure to a specific
MAMP treatment induced a large transcriptional response
(Navarro et al.,, 2004; Gust et al., 2007). In addition, the
transcriptome responses triggered by various MAMPs are very
similar in the early stages (Navarro et al., 2004), indicating
that these PTI responses involve a common downstream
signaling mechanism. Interestingly, the genes induced by flg22
and by effector recognition overlap significantly (Tsuda and
Katagiri, 2010), suggesting that ETI may have adapted
a part of its immune machinery from the pre-existing PTI, in
addition to developing a new set of recognition molecules. HR
is a form of rapid plant programmed cell death that may
restrict pathogen growth, which is often associated with ETIL.
HR triggered by AvrRps4, which is derived from the bacterial
pathogen P. syringae, is dependent on autophagy components,
whereas AvrRpt2-triggered HR is not (Hofius et al., 2009),
indicating that mechanisms leading to HR are different among
different ETI triggers. Surprisingly, flagellin derived from P.
syringae pv. tabaci6605 induces cell death. Hence, plant cell
death can be mediated by different signaling mechanisms and
occur both in PTI and ETI (Tsuda and Katagiri, 2010). ROS
may function as signaling molecules following pathogen
recognition, and their generation is one of the earliest cellular
responses (Torres et al., 2006; Tsuda and Katagiri, 2010).
MAMP recognition triggers rapid ROS production, which is
dependent on the NADPH oxidase AtRbohD (Torres et al.,
2006), and recognition of a pathogen effector by an R
protein also elicits ROS accumulation (Tsuda and Katagiri,
2010). Flg22 perception triggers the activation of the MAPK
cascade, and MPK3 and MPKG6 are also activated by
P. syringae infection, and this latter activation is much more
prolonged than MAMP treatment when P. syringae carries the
effector AvrRpt2 (Tsuda and Katagiri, 2010). Hence, different
durations of MAPK activity may be the marker to the differ-
entiation of downstream responses between PTI and ETI
(Katagiri, 2004; Liu and Zhang, 2004). In addition, SA, JA,
and ethylene signaling can all be activated in PTT and ETI, but
they lead to different outcomes (Tsuda et al., 2008; Grant and
Jones, 2009; Halim et al., 2009; Pieterse et al., 2009; Robert-
Seilaniantz et al., 2011). In other plants, hormones such as
abscisic acid, gibberellins, and auxin also play roles in plant
immunity (Robert-Seilaniantz et al., 2011).

CONTRASTING MODELS OF PATHOGEN
RECOGNITION BY PLANTS

In the 1930s, Flor defined the basic elements of gene-for-
gene complementarity in plant—pathogen interactions, in
which single plant resistance genes and single complementary
avirulence genes account for plant recognition of pathogens,
which results in HR (reviewed by Flor, 1971). Functional
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alleles are generally inherited as dominant characters. If
either partner lacks a functional allele, recognition and
resistance do not occur and the plant becomes infected (Keen,
1990).

The elicitor—suppressor and elicitor—receptor models

There are two main models proposed to explain the
molecular basis of recognition and specificity in gene-for-gene
systems. In the elicitor—suppressor model, pathogens are
thought to provide general elicitors that initiate defense reac-
tions in plants until a specific suppressor is produced by
a particular pathogen race (Fig. 2A) (Bushnell and Rowell,
1981; Keen, 1990). The model assumes that many pathogen
species have substances that elicit defense responses in plants,
and the responses elicited are mostly the production of
phytoalexins and the induction of hypersensitive cell death.
Such defenses are assumed to be elicited nonspecifically by
binding of the elicitor to a receptor in the non-host plant. The
model further assumes that pathogens produce specific
suppressors, which prevent the nonspecific elicitors from
acting, and the plant becomes infected (Gabriel and Rolfe,
1990). In the elicitor—receptor model, either proteins from
primary avirulence genes or metabolites resulting from
elicitor-mediated catalytic activities are predicted to be
recognized by specific plant receptors encoded by disease
resistance genes, and these then trigger the resistance response
(Fig. 2B) (Dangl and McDowell, 2006). Both models indicate
the specific recognition of pathogen Avr proteins by plant R
proteins, in which the former are the ligands for the latter
(Mcdowell and Simon, 2006). Although these models provide
a simple parallel to the immune system, they are not strongly
supported by molecular evidence for direct interactions
between R proteins and their cognate Avr proteins. To date,
only three pairs of direct R-Avr interactions have been
demonstrated (Jia et al., 2000; Deslandes et al., 2003; Dodds
et al., 2006).
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The guard model

There is increasing evidence for indirect interactions
between pathogen effectors and R proteins, resulting in the
proposal of the ‘guard hypothesis’ model (Fig. 3A). In this
model, R proteins guard a limited number of host proteins that
are targets of pathogen effectors during pathogenesis (van der
Hoorn and Kamoun, 2008). The guard model suggests that
multiple effectors can be perceived by a single R protein and
that a relatively few R genes can target the broad spectrum of
pathogens that attack plants. This model highlights that the
guarded effector target (also called the guardee) is indispens-
able for the virulence function of the effector protein in the
absence of the cognate R protein (Jones and Dangl, 2006). The
guard model is supported by the findings of RIN4 and PBS1 in
Arabidopsis and RCR3 and Pto in tomato (Jones and Dangl,
2006). In Arabidopsis, AvrRpm1 and AvrRpt2, two distinct
effectors from Pseudomonas species, target the host protein
RIN4, the status of which is closely monitored by the R
proteins RPM and RPS2 (van der Hoorn and Kamoun, 2008).
EDS1 (ENHANCED DISEASE SUSCEPTIBILITY1)
behaves as an effector target and activated TIR-NB-LRR
signal transducer for defenses across cell compartments
(Heidrich et al., 2011).

The decoy model

Recently, many pathogen effectors were found to have
multiple targets in the host and the guardee proteins are often
dispensable for the virulence of effectors in the plants lacking
the R protein (Zipfel and Rathjen, 2008). New data on addi-
tional targets of AvrPto and AvrBs3 promoted the concept that
some host targets of effectors act as decoys to detect pathogen
effectors via R proteins (van der Hoorn and Kamoun, 2008).
van der Hoorn and Kamoun (2008) proposed the decoy model
(Fig. 3B) to explain the recent knowledge of evolution in
plant—pathogen interactions. This model is based on an

A Elicitor-suppressor model B Elicitor-receptor model
Resistance Susceptibility Resistance Susceptibility
- (] ==
Elicitor Suppressor Receptor

Fig. 2. Comparison of the elicitor—suppressor model and the elicitor—receptor model.

A: the elicitor—suppressor model. Elicitor initiates plant defense reaction (resistance) until appearance of a specific suppressor in a particular pathogen race, which
leads to failure of defense reaction (susceptibility). B: the elicitor—receptor model. Protein encoded by avirulence gene is recognized by a specific plant receptors,
which then triggers the resistance response. If the receptor does not fit the avirulence protein, this would inevitably lead to susceptibility.
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Fig. 3. Comparison of the guard model and the decoy model.

Guardee

R protein Nonguarded target

A: the guard model. Multiple effectors could be perceived by a single R protein, and a relatively small number of R genes could target the broad spectrum of
pathogens that attack plants. B: the decoy model. The guardee is in an evolutionarily unstable situation named as ‘decoy’. In the presence of functional R genes,
natural selection is expected to favor guardees with improved interaction with an effector to enhance pathogen detection. In the absence of R genes, natural
selection is expected to drive the guardee to decrease its binding affinity with the effector and evade detection and modification by the effector.

evolutionary point of view, whereby the guardee is in an
evolutionarily unstable situation, as it is subjected to two
opposing natural selection forces in plant populations where
polymorphic R genes are either present or absent. In the
presence of functional R genes, natural selection is expected to
favor guardees with improved interaction with an effector to
enhance pathogen perception. In the absence of R genes,
natural selection is expected to drive the guardee to decrease
its binding affinity with the effector, and evading detection and
modification by the effector then results in a host ‘decoy’
protein to be relaxed selective constraint during evolution.
This decoy specializes in effector perception by the R protein.
The P. syringae effector AvrPto binds FLS2 to block plant
immune responses in the plant cell and the ability to target
FLS2 is required for the virulence function of AvrPto in plants.
Pto competes with FLS2 for AvrPto binding, which in asso-
ciation with Prf, recognizes the bacterium and triggers strong
resistance (Xiang et al., 2008). The decoy model is distinct
from the guard model, which indicates that the manipulation
of the guarded effector target benefits pathogen fitness in the
absence of the R protein.

Although different models have been proposed, each one
might apply to specific pathosystems to explain the complicated
interactions between plants and pathogens. More experimental
evidence is, however, needed to differentiate between these
models, which may lead to novel approaches to manipulate plant
innate immunity and improve pathogen resistance.

APPLICATION OF MAJOR R GENES AND QRLs
Utilization of major R genes

Although R genes have been extensively used in crop
improvement, there is a high risk because of their potentially
transient effectiveness and availability, as the cognate path-
ogen has a high potential for evolving new race specificity.
One typical example is the outbreak of powdery mildew in
wheat caused by Blumeria graminis (DC.) E.O. Speerf. sp.
tritici (Bgt), which overcame several major resistance genes
used in the Chinese wheat breeding program (Tao et al., 2000).
Although more durable resistance may also be obtained by
wide deployment of multiple R genes, approaches that yield
long-term effectiveness and long-lasting specificity are needed
in plant resistance breeding (St Clair, 2010).

Utilization of QRLs

Several QRLs have been discovered in numerous crop
plants, but only a few have been used in breeding programs
(Pumphrey et al., 2007). However, the practical use of QRLs
indicates that quantitative disease resistance is an exciting field
with the prospect of valuable applications in crop improve-
ment as compared with qualitative resistance, because of its
broad-spectrum and long-lasting resistance. Resistance genes
with minor-to-intermediate additive effects can result in long-
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lasting resistance to yellow (stripe) and leaf (brown) rusts
caused by Puccinia striiformis and Puccinia triticina,
respectively (Singh, 2005). Fhbl is a major QRL for resistance
to Fusarium head blight (FHB) in wheat. A total of 19 QTL-
NIL pairs were developed by using microsatellite markers
flanking the QTL region, and each NIL pair was tested under
point-inoculation in a greenhouse (Pumphrey et al., 2007). On
average, NILs with Fhbl significantly (P < 0.001) reduced the
disease severity rating by 23% and the percentage of infected
kernels by 27% in harvested grain. Six QRLs (Rphql, Rphq2,
Rphq3, Rphg4, Rphq5, and Rphg6) resistance to leaf rust
(causal agent Puccinia hordei) in barley were detected by 103
recombinant inbred lines (RILs) by single-seed descent from
a cross between the susceptible parent L94 and the partially
resistant parent Vada (Qi et al., 1998), and three of them
(Rphq2, Rphq3, and Rphg4) were confirmed by using NILs
created by marker-assisted backcrossing (MAB) (van Berloo
et al., 2001). The QRL Rphq2 was introgressed by MAB
into the susceptible .94 background to obtain NIL L94-
Rphq?2. By contrast, NIL Vada-rphg2 contained a susceptibility
allele in the resistant Vada background. The latency period
was prolonged by 28 h for L94-Rphq2 and shortened by 23 h
for Vada-rphg2 (Marcel et al., 2007), and this delay is suffi-
cient to help keep the damage below economic thresholds for
pesticide treatment. In bean, common bacterial blight is
caused by Xanthomonas axonopodis pv. phaseoli. Mutlu and
colleagues developed the advanced backcross bean lines NE-
01-8, NE-01-15, and NE-01-17, which possess the QTL on
linkage group B8 derived from the highly resistant line XAN
159 as well as the QTL on linkage group B10 from the
moderately resistant line ‘chase’ (Mutlu et al., 2005). A major
resistance QTL, gHSR1, on bin 2.09 confers resistance to head
smut, one of the most disastrous diseases in maize (Chen et al.,
2008). The gHSRI was introduced via marker-assisted back-
crossing into 10 maize inbred lines that have high yield
potential but are susceptible to head smut. The resulting 10
converted inbred lines all showed enhanced resistance to head
smut, but remained unchanged for other agronomic traits
(Zhao et al., 2012).

PERSPECTIVES

Understanding the fundamental mechanisms underlying
plant disease resistance is of vital importance to sustainable
agriculture and human health. The past decades have wit-
nessed surprising advances in the field of plant—microbe
interactions, including experimental demonstrations of the
functional role of PRRs in plant disease resistance and the
discovery that many pathogen virulence factors are involved in
suppressing PRR signaling and PTI-associated immune
responses. However, the research on plant resistance is still
limited because of reliance on information derived from
a limited number of pathosystems, mainly on the interactions
between Arabidopsis and bacteria. The incredibly diverse
interactions between plants and microbes indicate the exis-
tence of many other novel mechanisms. For studying plant
pathosystems, progress in genome sequencing and R gene

isolation will be beneficial for the research on molecular
plant—microbe interactions.

Over the past several years, detailed models for
plant—pathogen interactions have emerged involving recog-
nition, evasion, and defense. It does, however, appear likely
that the molecular basis of plant resistance will draw upon an
even broader mechanistic base. Aspects such as components of
the signal transduction system, antimicrobial compounds such
as phytoalexins, and other unknown factors are also likely to
be important components of plant resistance responses that
remain to be characterized. Cloning additional resistance
genes and QTLs that underlie plant resistance will reveal how
they contribute to plant defenses. This knowledge will enable
more efficient and effective utilization of these genes in crop
improvement and protection.

ACKNOWLEDGEMENTS

This study was financially supported by the National Basic
Research Development Program of China (Grant No.
2009CB118401), and the National High-tech Research and
Development Program of China (Grant Nos. 2012AA10A305
and 2012AA101104).

REFERENCES

Aarts, N., Metz, M., Holub, E., Staskawicz, B.J., Daniels, M.J., Parker, J.E.,
1998. Different requirements for EDS1 and NDR1 by disease resistance
genes define at least two R gene-mediated signaling pathways in Arabi-
dopsis. Proc. Natl. Acad. Sci. USA 95, 10306—10311.

Aerts, A.M., Thevissen, K., Bresseleers, S.M., Sels, J., Wouters, P.,
Cammue, B.P.A., Francois, LE.J.A., 2007. Arabidopsis thaliana plants
expressing human beta-defensin-2 are more resistant to fungal attack:
functional homology between plant and human defensins. Plant Cell Rep.
26, 1391—-1398.

Asai, T., Tena, G., Plotnikova, J., Willmann, M.R., Chiu, W.L., Gomez-
Gomez, L., Boller, T., Ausubel, FM., Sheen, J., 2002. Map kinase sig-
nalling cascade in Arabidopsis innate immunity. Nature 415, 977—983.

Bari, R., Jones, J.D., 2009. Role of plant hormones in plant defence responses.
Plant Mol. Biol. 69, 473—488.

Berrocal-Lobo, M., Molina, A., 2008. Arabidopsis defense response against
Fusarium oxysporum. Trends Plant Sci. 13, 145—150.

Bi, D., Johnson, K.C.M., Zhu, Z., Huang, Y., Chen, F,, Zhang, Y., Li, X., 2011.
Mutations in an atypical TIR-NB-LRR-LIM resistance protein confer
autoimmunity. Frontiers Plant Sci. 2, 71.

Bohman, S., Staal, J., Thomma, B.PH.J., Wang, M.L., Dixelius, C., 2004.
Characterisation of an Arabidopsis—Leptosphaeria maculans pathosystem:
resistance partially requires camalexin biosynthesis and is independent of
salicylic acid, ethylene and jasmonic acid signalling. Plant J. 37, 9—20.

Bushnell, W.R., Rowell, J.B., 1981. Suppressors of defense reactions: a model
for roles in specificity. Phytopathology 71, 1012—1014.

Cao, H., Bowling, S.A., Gordon, A.S., Dong, X.N., 1994. Characterization of
an Arabidopsis mutant that is nonresponsive to inducers of systemic
acquired-resistance. Plant Cell 6, 1583—1592.

Chassot, C., Buchala, A., Schoonbeek, H.J., Metraux, J.P., Lamotte, O., 2008.
Wounding of Arabidopsis leaves causes a powerful but transient protection
against botrytis infection. Plant J. 55, 555—567.

Chen, Y., Chao, Q., Tan, G., Zhao, J., Zhang, M., Ji, Q., Xu, M., 2008.
Identification and fine-mapping of a major QTL conferring resistance
against head smut in maize. Theor. Appl. Genet. 117, 1241—1252.

Ciuffetti, L.M., Tuori, R.P., 1999. Advances in the characterization of the Pyr-
enophora tritici-repentis-wheat interaction. Phytopathology 89, 444—449.



Y. Zhang et al. / Journal of Genetics and Genomics 40 (2013) 23—35 33

Collins, A., Milbourne, D., Ramsay, L., Meyer, R., Chatot-Balandras, C.,
Oberhagemann, P., de Jong, W., Gebhardt, C., Bonnel, E., Waugh, R.,
1999. QTL for field resistance to late blight in potato are strongly corre-
lated with maturity and vigour. Mol. Breeding 5, 387—398.

Colmenares, A.J., Aleu, J., Duran-Patron, R., Collado, 1.G., Hernandez-
Galan, R., 2002. The putative role of botrydial and related metabolites in
the infection mechanism of Botrytis cinerea. J. Chem. Ecol. 28, 997—1005.

Dalmay, T., Hamilton, A., Rudd, S., Angell, S., Baulcombe, D.C., 2000. An
RNA-dependent RNA polymerase gene in Arabidopsis is required for
posttranscriptional gene silencing mediated by a transgene but not by
a virus. Cell 101, 543—553.

Dangl, J.L., McDowell, J.M., 2006. Two modes of pathogen recognition by
plants. Proc. Natl. Acad. Sci. USA 103, 8575—8576.

Denby, K.J., Kumar, P., Kliebenstein, D.J., 2004. Identification of Botrytis
cinerea susceptibility loci in Arabidopsis thaliana. Plant J. 38, 473—486.

Deslandes, L., Olivier, J., Peeters, N., Feng, D.X., Khounlotham, M.,
Boucher, C., Somssich, 1., Genin, S., Marco, Y., 2003. Physical interaction
between RRS1-R, a protein conferring resistance to bacterial wilt, and
PopP2, a type III effector targeted to the plant nucleus. Proc. Natl. Acad.
Sci. USA 100, 8024—8029.

Deslandes, L., Olivier, J., Theulieres, F., Hirsch, J., Feng, D.X., Bittner-
Eddy, P, Beynon, J., Marco, Y., 2002. Resistance to Ralstonia sol-
anacearum in Arabidopsis thaliana is conferred by the recessive RRSI-R
gene, a member of a novel family of resistance genes. Proc. Natl. Acad.
Sci. USA 99, 2404—2409.

Dinesh-Kumar, S.P., 2009. Mechanisms of plant resistance to viruses. Phyto-
pathology 99, S164—S165.

Dodds, P.N., Lawrence, G.J., Catanzariti, A.M., Teh, T., Wang, C.LA.,
Ayliffe, M.A., Kobe, B., Ellis, J.G., 2006. Direct protein interaction
underlies gene-for-gene specificity and coevolution of the flax resistance
genes and flax rust avirulence genes. Proc. Natl. Acad. Sci. USA 103,
8888—8893.

Dunning, EM., Sun, W., Jansen, K.L., Helft, L., Bent, A.F., 2007. Identifi-
cation and mutational analysis of Arabidopsis FLS2 leucine-rich repeat
domain residues that contribute to flagellin perception. Plant Cell 19,
3297-3313.

Ferrari, S., Galletti, R., Denoux, C., de Lorenzo, G., Ausubel, FM.,
Dewdney, J., 2007. Resistance to botrytis cinerea induced in Arabidopsis
by elicitors is independent of salicylic acid, ethylene, or jasmonate
signaling but requires PHYTOALEXIN DEFICIENT3. Plant Physiol. 144,
367—379.

Ferrari, S., Plotnikova, J.M., de Lorenzo, G., Ausubel, EM., 2003. Arabidopsis
local resistance to Botrytis cinerea involves salicylic acid and camalexin
and requires EDS4 and PAD2, but not SID2, EDS5 or PADA4. Plant J. 35,
193-205.

Feys, B.J., Moisan, L.J., Newman, M.A., Parker, J.E., 2001. Direct interaction
between the Arabidopsis disease resistance signaling proteins, EDS1 and
PAD4. EMBO J. 20, 5400—5411.

Fliegmann, J., Mithofer, A., Wanner, G., Ebel, J., 2004. An ancient enzyme
domain hidden in the putative beta-glucan elicitor receptor of soybean may
play an active part in the perception of pathogen-associated molecular
patterns during broad host resistance. J. Biol. Chem. 279, 1132—1140.

Flor, H.H., 1971. Current Status of the Gene for Gene Concept. Ann. Rev.
Phytopathol. 9, 275—296.

Fu, D., Uauy, C., Distelfeld, A., Blechl, A., Epstein, L., Chen, X., Sela, H.,
Fahima, T., Dubcovsky, J., 2009. A kinase-START gene confers
temperature-dependent resistance to wheat stripe rust. Science 323,
1357—1360.

Fukuoka, S., Saka, N., Koga, H., Ono, K., Shimizu, T., Ebana, K., Hayashi, N.,
Takahashi, A., Hirochika, H., Okuno, K., Yano, M., 2009. Loss of function
of a proline-containing protein confers durable disease resistance in rice.
Science 325, 998—1001.

Gabriel, D.W., Rolfe, B.G., 1990. Working models of specific recognition in
plant—microbe interactions. Annu. Rev. Phytopathol. 28, 365—391.

Gao, Z.H., Johansen, E., Eyers, S., Thomas, C.L., Noel Ellis, T.H.,
Maule, A.J., 2004. The potyvirus recessive resistance gene, sbml, iden-
tifies a novel role for translation initiation factor eifde in cell-to-cell
trafficking. Plant J. 40, 376—385.

Garcia-Brugger, A., Lamotte, O., Vandelle, E., Bourque, S., Lecourieux, D.,
Poinssot, B., Wendehenne, D., Pugin, A., 2006. Early signaling events
induced by elicitors of plant defenses. Mol. Plant Microbe Interact. 19,
711-724.

Glazebrook, J., 2005. Contrasting mechanisms of defense against biotrophic
and necrotrophic pathogens. Annu. Rev. Phytopathol. 43, 205—227.

Glazebrook, J., Zook, M., Mert, F.,, Kagan, 1., Rogers, E.E., Crute, L.R.,
Holub, E.B., Hammerschmidt, R., Ausubel, EM., 1997. Phytoalexin-
deficient mutants of Arabidopsis reveal that PAD4 encodes a regulatory
factor and that four PAD genes contribute to downy mildew resistance.
Genetics 146, 381—392.

Gomez-Gomez, L., Boller, T., 2000. FLS2: an LRR receptor-like kinase
involved in the perception of the bacterial elicitor flagellin in Arabidopsis.
Mol. Cell 5, 1003—1011.

Grant, M.R., Jones, J.D., 2009. Hormone (dis)harmony moulds plant health
and disease. Science 324, 750—752.

Gururani, M.A., Venkatesh, J., Upadhyaya, C.P., Nookaraju, A., Pandey, S.K.,
Park, S.W., 2012. Plant disease resistance genes: current status and future
directions. Physiol. Mol. Plant Pathol. 78, 51—65.

Gust, A.A., Biswas, R., Lenz, H.D., Rauhut, T., Ranf, S., Kemmerling, B.,
Gotz, F., Glawischnig, E., Lee, J., Felix, G., Nurnberger, T., 2007.
Bacteria-derived peptidoglycans constitute pathogen-associated molecular
patterns triggering innate immunity in Arabidopsis. J. Biol. Chem. 282,
32338-—32348.

Halim, V.A., Altmann, S., Ellinger, D., Eschen-Lippold, L., Miersch, O.,
Scheel, D., Rosahl, S., 2009. PAMP-induced defense responses in potato
require both salicylic acid and jasmonic acid. Plant J. 57, 230—242.

He, S.Y., Nomura, K., Whittam, T.S., 2004. Type III protein secretion mech-
anism in mammalian and plant pathogens. BBA Mol. Cell Res. 1694,
181—-206.

Heidrich, K., Wirthmueller, L., Tasset, C., Pouzet, C., Deslandes, L., Parker, J.E.,
2011. Arabidopsis EDS1 connects pathogen effector recognition to cell
compartment-specific immune responses. Science 334, 1401—1404.

Hofius, D., Schultz-Larsen, T., Joensen, J., Tsitsigiannis, D.I., Petersen, N.H.,
Mattsson, O., Jorgensen, L.B., Jones, J.D., Mundy, J., Petersen, M., 2009.
Autophagic components contribute to hypersensitive cell death in Arabi-
dopsis. Cell 137, 773—783.

Horbach, R., Navarro-Quesada, A.R., Knogge, W., Deising, H.B., 2011. When
and how to kill a plant cell: infection strategies of plant pathogenic fungi.
J. Plant Physiol. 168, 51—62.

Iyer-Pascuzzi, A.S., McCouch, S.R., 2007. Recessive resistance genes and the
Oryza sativa—Xanthomonas oryzae pv. Oryzae pathosystem. Mol. Plant
Microbe Interact. 20, 731—739.

Jabs, T., Tschope, M., Colling, C., Hahlbrock, K., Scheel, D., 1997. Elicitor-
stimulated ion fluxes and O, from the oxidative burst are essential
components in triggering defense gene activation and phytoalexin
synthesis in parsley. Proc. Natl. Acad. Sci. USA 94, 4800—4805.

Jia, Y., McAdams, S.A., Bryan, G.T., Hershey, H.P., Valent, B., 2000. Direct
interaction of resistance gene and avirulence gene products confers rice
blast resistance. EMBO J. 19, 4004—4014.

Johal, D.S., Briggs, S.P., 1992. Reductase activity encoded by the HM! disease
resistance gene in maize. Science 258, 985—987.

Jones, J.D.G., 2001. Putting knowledge of plant disease resistance genes to
work. Curr. Opin. Plant Biol. 4, 281—287.

Jones, J.D.G., Dangl, J.L., 2006. The plant immune system. Nature 444,
323—329.

Kaku, H., Nishizawa, Y., Ishii-Minami, N., Akimoto-Tomiyama, C.,
Dohmae, N., Takio, K., Minami, E., Shibuya, N., 2006. Plant cells
recognize chitin fragments for defense signaling through a plasma
membrane receptor. Proc. Natl. Acad. Sci. USA 103, 11086—11091.

Katagiri, F., 2004. A global view of defense gene expression regulation — a highly
interconnected signaling network. Curr. Opin. Plant Biol. 7, 506—511.

Kawchuk, L.M., Hachey, J., Lynch, D.R., Kulcsar, F., van Rooijen, G.,
Waterer, D.R., Robertson, A., Kokko, E., Byers, R., Howard, R.J.,
Fischer, R., Prufer, D., 2001. Tomato Ve disease resistance genes encode
cell surface-like receptors. Proc. Natl. Acad. Sci. USA 98, 6511—6515.

Keen, N.T., 1990. Gene-for-gene complementarity in plant—pathogen inter-
actions. Annu. Rev. Genet. 24, 447—463.



34 Y. Zhang et al. / Journal of Genetics and Genomics 40 (2013) 23—35

Kliebenstein, D.J., Rowe, H.C., 2008. Ecological costs of biotrophic versus
necrotrophic pathogen resistance, the hypersensitive response and signal
transduction. Plant Sci. 174, 551—556.

Kliebenstein, D.J., Rowe, H.C., Denby, K.J., 2005. Secondary metabolites
influence Arabidopsis/botrytis interactions: variation in host production
and pathogen sensitivity. Plant J. 44, 25—36.

Koornneef, A., Pieterse, C.M.J., 2008. Cross talk in defense signaling. Plant
Physiol. 146, 839—844.

Krattinger, S.G., Lagudah, E.S., Spielmeyer, W., Singh, R.P., Huerta-
Espino, J., McFadden, H., Bossolini, E., Selter, L.L., Keller, B., 2009. A
putative ABC transporter confers durable resistance to multiple fungal
pathogens in wheat. Science 323, 1360—1363.

Kunze, G., Zipfel, C., Robatzek, S., Niehaus, K., Boller, T., Felix, G., 2004.
The N terminus of bacterial elongation factor Tu elicits innate immunity in
Arabidopsis plants. Plant Cell 16, 3496—3507.

Liu, Y., Zhang, S., 2004. Phosphorylation of I-aminocyclopropane-1-
carboxylic acid synthase by MPKG6, a stress-responsive mitogen-activated
protein kinase, induces ethylene biosynthesis in Arabidopsis. Plant Cell 16,
3386—3399.

Llorente, F., Alonso-Blanco, C., Sanchez-Rodriguez, C., Jorda, L., Molina, A.,
2005. ERECTA receptor-like kinase and heterotrimeric G protein from
Arabidopsis are required for resistance to the necrotrophic fungus Plec-
tosphaerella cucumerina. Plant J. 43, 165—180.

Lotze, M.T., Zeh, H.J., Rubartelli, A., Sparvero, L.J., Amoscato, A.A.,
Washburn, N.R., Devera, M.E., Liang, X., Tor, M., Billiar, T., 2007. The
grateful dead: damage-associated molecular pattern molecules and
reduction/oxidation regulate immunity. Immunol. Rev. 220, 60—81.

Lu, D., Wu, S., Gao, X., Zhang, Y., Shan, L., He, P., 2010. A receptor-like
cytoplasmic kinase, BIK1, associates with a flagellin receptor complex to
initiate plant innate immunity. Proc. Natl. Acad. Sci. USA 107, 496—501.

Macho, A.P., Guevara, C.M., Tornero, P., Ruiz-Albert, J., Beuzon, C.R., 2010.
The pseudomonas syringae effector protein HopZla suppresses effector-
triggered immunity. New Phytol. 187, 1018—1033.

Marcel, T.C., Aghnoum, R., Durand, J., Varshney, R.K., Niks, R.E., 2007.
Dissection of the barley 2L.1.0 region carrying the ‘Laevigatum’ quanti-
tative resistance gene to leaf rust using near-isogenic lines (NIL) and
subNIL. Mol. Plant Microbe Interact. 20, 1604—1615.

Martin, G.B., Brommonschenkel, S.H., Chunwongse, J., Frary, A.,
Ganal, M.W.,, Spivey, R., Wu, T., Earle, E.D., Tanksley, S.D., 1993. Map-
based cloning of a protein kinase gene conferring disease resistance in
tomato. Science 262, 1432—1436.

Mcdowell, J.M., Simon, S.A., 2006. Recent insights into R gene evolution.
Mol. Plant Pathol. 7, 437—448.

Meister, G., Tuschl, T., 2004. Mechanisms of gene silencing by double-
stranded RNA. Nature 431, 343—349.

Mengiste, T., Chen, X., Salmeron, J., Dietrich, R., 2003. The botrytis
susceptiblel gene encodes an R2R3MYB transcription factor protein that
is required for biotic and abiotic stress responses in Arabidopsis. Plant Cell
15, 2551-2565.

Meyers, B.C., Kozik, A., Griego, A., Kuang, H.H., Michelmore, R.W., 2003.
Genome-wide analysis of NBS-LRR-encoding genes in Arabidopsis. Plant
Cell 15, 809—834.

Mutlu, N., Miklas, P., Reiser, J., Coyne, D., 2005. Backcross breeding for
improved resistance to common bacterial blight in pinto bean (Phaseolus
vulgaris L.). Plant Breeding 124, 282—287.

Navarro, L., Zipfel, C., Rowland, O., Keller, I., Robatzek, S., Boller, T.,
Jones, J.D., 2004. The transcriptional innate immune response to flg22.
Interplay and overlap with Avr gene-dependent defense responses and
bacterial pathogenesis. Plant Physiol. 135, 1113—1128.

Nawrath, C., Metraux, J.P., 1999. Salicylic acid induction-deficient mutants of
Arabidopsis express PR-2 and PR-5 and accumulate high levels of
camalexin after pathogen inoculation. Plant Cell 11, 1393—1404.

Nicaise, V., Roux, M., Zipfel, C., 2009. Recent advances in PAMP-triggered
immunity against bacteria: pattern recognition receptors watch over and
raise the alarm. Plant Physiol. 150, 1638—1647.

Nomura, K., Debroy, S., Lee, Y.H., Pumplin, N., Jones, J., He, S.Y., 2006. A
bacterial virulence protein suppresses host innate immunity to cause plant
disease. Science 313, 220—223.

Nomura, K., Mecey, C., Lee, Y.N., Imboden, L.A., Chang, J.H., He, S.Y.,
2011. Effector-triggered immunity blocks pathogen degradation of an
immunity-associated vesicle traffic regulator in Arabidopsis. Proc. Natl.
Acad. Sci. USA 108, 10774—10779.

Nurnberger, T., Brunner, F., Kemmerling, B., Piater, L., 2004. Innate immunity
in plants and animals: striking similarities and obvious differences.
Immunol. Rev. 198, 249—266.

Oh, C.S., Martin, G.B., 2011. Effector-triggered immunity mediated by the Pto
kinase. Trends Plant Sci. 16, 132—140.

Pajerowska-Mukhtar, K., Dong, X.N., 2009. A kiss of death-proteasome-
mediated membrane fusion and programmed cell death in plant defense
against bacterial infection. Genes Dev. 23, 2449—2454.

Pandey, S.P., Somssich, I.E., 2009. The role of WRKY transcription factors in
plant immunity. Plant Physiol. 150, 1648—1655.

Parlevliet, J.E., 2002. Durability of resistance against fungal, bacterial and
viral pathogens; present situation. Euphytica 124, 147—156.

Pieterse, C.M., Leon-Reyes, A., Van der Ent, S., Van Wees, S.C., 2009.
Networking by small-molecule hormones in plant immunity. Nat. Chem.
Biol. 5, 308—316.

Poland, J.A., Balint-Kurti, P.J., Wisser, R.J., Pratt, R.C., Nelson, R.J., 2009.
Shades of gray: the world of quantitative disease resistance. Trends Plant
Sci. 14, 21-29.

Pre, M., Atallah, M., Champion, A., De Vos, M., Pieterse, C.M.J.,
Memelink, J., 2008. The AP2/ERFdomain transcription factor ORA59
integrates jasmonic acid and ethylene signals in plant defense. Plant
Physiol. 147, 1347—1357.

Pumphrey, M.O., Bernardo, R., Anderson, J.A., 2007. Validating the Fhbl
QTL for Fusarium head blight resistance in near-isogenic wheat lines
developed from breeding populations. Crop Sci. 47, 200—206.

Qi, X., Niks, R.E., Stam, P., Lindhout, P., 1998. Identification of QTLs for
partial resistance to leaf rust (Puccinia hordei) in barley. Theor. Appl.
Genet. 96, 1205—1215.

Qi, Y., Tsuda, K., Glazebrook, J., Katagiri, F., 2011. Physical association of
pattern-triggered immunity (PTI) and effector-triggered immunity (ETI)
immune receptors in Arabidopsis. Mol. Plant Pathol. 12, 702—708.

Qutob, D., Kemmerling, B., Brunner, F., Kufner, I., Engelhardt, S., Gust, A.A.,
Luberacki, B., Seitz, H.U., Stahl, D., Rauhut, T., Glawischnig, E.,
Schween, G., Lacombe, B., Watanabe, N., Lam, E., Schlichting, R.,
Scheel, D., Nau, K., Dodt, G., Hubert, D., Gijzen, M., Nurnberger, T.,
2006a. Phytotoxicity and innate immune responses induced by Nepl-like
proteins. Plant Cell 18, 3721—-3744.

Qutob, D., Tedman-Jones, J., Gijzen, M., 2006b. Effector-triggered immunity
by the plant pathogen phytophthora. Trends Microbiol. 14, 470—473.
Robert-Seilaniantz, A., Grant, M., Jones, J.D., 2011. Hormone crosstalk in
plant disease and defense: more than just jasmonate-salicylate antagonism.

Annu. Rev. Phytopathol. 49, 317—343.

Ron, M., Avni, A., 2004. The receptor for the fungal elicitor ethylene-inducing
xylanase is a member of a resistance-like gene family in tomato. Plant Cell
16, 1604—1615.

Ruffel, S., Dussault, M.H., Palloix, A., Moury, B., Bendahmane, A.,
Robaglia, C., Caranta, C., 2002. A natural recessive resistance gene against
potato virus Y in pepper corresponds to the eukaryotic initiation factor 4e
(EIF4e). Plant J. 32, 1067—1075.

Schlaeppi, K., Abou-Mansour, E., Buchala, A., Mauch, F., 2010. Disease
resistance of Arabidopsis to Phytophthora brassicae is established by the
sequential action of indole glucosinolates and camalexin. Plant J. 62,
840—851.

Schwessinger, B., Zipfel, C., 2008. News from the frontline: recent insights
into PAMP-triggered immunity in plants. Curr. Opin. Plant Biol. 11,
389—395.

Singh, R.P,, 2005. Genetics and breeding for durable resistance to leaf and
stripe rusts in wheat. Turk. J. Agric. For., 121—127.

Song, W.Y.,, Wang, G.L., Chen, LL., Kim, H.S., Pi, L.Y., Holsten, T,
Gardner, J., Wang, B., Zhai, W.X., Zhu, L.H., Fauquet, C., Ronald, P.,
1995. A receptor kinase-like protein encoded by the rice disease resistance
gene, xa2l. Science 270, 1804—1806.

Spoel, S.H., Dong, X., 2008. Making sense of hormone crosstalk during plant
immune responses. Cell Host Microbe 3, 348—351.



Y. Zhang et al. / Journal of Genetics and Genomics 40 (2013) 23—35 35

St Clair, D.A., 2010. Quantitative disease resistance and quantitative resistance
loci in breeding. Annu. Rev. Phytopathol. 48, 247—268.

Tao, W., Liu, D., Liu, J., Feng, Y., Chen, P., 2000. Genetic mapping of the
powdery mildew resistance gene pm6 in wheat by RFLP analysis. Theor.
Appl. Genet. 100, 564—568.

Thomma, B.PH.J., Eggermont, K., Penninckx, .A.M.A., Mauch-Mani, B.,
Vogelsang, R., Cammue, B.P.A., Broekaert, W.F, 1998. Separate
jasmonate-dependent and salicylate-dependent defense-response pathways
in Arabidopsis are essential for resistance to distinct microbial pathogens.
Proc. Natl. Acad. Sci. USA 95, 15107—15111.

Thomma, B.PH.J., Eggermont, K., Tierens, K.EM.J., Broekaert, W.E., 1999a.
Requirement of functional ethylene-insensitive 2 gene for efficient resistance of
Arabidopsis to infection by Botrytis cinerea. Plant Physiol. 121, 1093—1101.

Thomma, B.P.H.J., Nelissen, 1., Eggermont, K., Broekaert, W.F., 1999b.
Deficiency in phytoalexin production causes enhanced susceptibility of
Arabidopsis thaliana to the fungus Alternaria brassicicola. Plant J. 19,
163—171.

Tilsner, J., Oparka, K.J., 2010. Tracking the green invaders: advances in
imaging virus infection in plants. Biochem. J. 430, 21—37.

Torres, M.A., Jones, J.D., Dangl, J.L., 2006. Reactive oxygen species signaling
in response to pathogens. Plant Physiol. 141, 373—378.

Tsuda, K., Katagiri, F., 2010. Comparing signaling mechanisms engaged in
pattern-triggered and effector-triggered immunity. Curr. Opin. Plant Biol.
13, 459—465.

Tsuda, K., Sato, M., Glazebrook, J., Cohen, J.D., Katagiri, F., 2008. Interplay
between MAMP-triggered and SA-mediated defense responses. Plant J.
53, 763—7175.

Vallejos, C.E., Jones, V., Stall, RE., Jones, J.B., Minsavage, G.V.,
Schultz, D.C., Rodrigues, R., Olsen, L.E., Mazourek, M., 2010. Charac-
terization of two recessive genes controlling resistance to all races of
bacterial spot in peppers. Theor. Appl. Genet. 121, 37—46.

van Berloo, R., Aalbers, H., Werkman, A., Niks, R.E., 2001. Resistance QTL
confirmed through development of QTL-NILs for barley leaf rust resis-
tance. Mol. Breed. 8, 187—195.

van der Hoorn, R.A.L., Kamoun, S., 2008. From guard to decoy: a new model
for perception of plant pathogen effectors. Plant Cell 20, 2009—2017.

van Kan, J.A.L., 2006. Licensed to kill: the lifestyle of a necrotrophic plant
pathogen. Trends Plant Sci. 11, 247—253.

Vance, V., Vaucheret, H., 2001. RNA silencing in plants — defense and counter
defense. Science 292, 2277—2280.

Veronese, P., Chen, X., Bluhm, B., Salmeron, J., Dietrich, R., Mengiste, T.,
2004. The BOS loci of Arabidopsis are required for resistance to Botrytis
cinerea infection. Plant J. 40, 558—574.

Veronese, P., Nakagami, H., Bluhm, B., AbuQamar, S., Chen, X., Salmeron, J.,
Dietrich, R.A., Hirt, H., Mengiste, T., 2006. The membrane-anchored
Botrytis-induced kinasel plays distinct roles in Arabidopsis resistance to
necrotrophic and biotrophic pathogens. Plant Cell 18, 257—273.

Wang, L., Tsuda, K., Truman, W., Sato, M., Nguyen, L.V., Katagiri, F,
Glazebrook, J., 2011a. CBP60g and SARDI play partially redundant
critical roles in salicylic acid signaling. Plant J. 67, 1029—1041.

Wang, W., Barnaby, J.Y., Tada, Y., Li, H., Toer, M., Caldelari, D., Lee, D.u.,
Fu, X.D., Dong, X., 2011b. Timing of plant immune responses by a central
circadian regulator. Nature 470, 110—U126.

Wang, W., Wen, Y., Berkey, R., Xiao, S., 2009. Specific targeting of the
Arabidopsis resistance protein RPM8.2 to the interfacial membrane
encasing the fungal haustorium renders broad-spectrum resistance to
powdery mildew. Plant Cell 21, 2898—2913.

Waterhouse, P.M., Graham, H.-W., Wang, M.B., 1998. Virus resistance and
gene silencing in plants can be induced by simultaneous expression of
sense and antisense RNA. Proc. Natl. Acad. Sci. USA 95, 13959—13964.

Xiang, T.,Zong,N.,Zou, Y., Wu, Y., Zhang, J., Xing, W., Li, Y., Tang, X., Zhu, L.,
Chai, J., Zhou, J.M., 2008. Pseudomonas syringae effector AvrPto blocks
innate immunity by targeting receptor kinases. Curr. Biol. 18, 74—80.

Xie, D.X., Feys, B.F,, James, S., Nieto-Rostro, M., Turner, J.G., 1998. COIl:
an Arabidopsis gene required for jasmonate-regulated defense and fertility.
Science 280, 1091—1094.

Xie, Z.X., Johansen, L.K., Gustafson, A.M., Kasschau, K.D., Lellis, A.D.,
Zilberman, D., Jacobsen, S.E., Carrington, J.C., 2004. Genetic and func-
tional diversification of small RNA pathways in plants. PLoS Biol. 2,
642—652.

Yang, B., Antony, G., Zhou, J.H., Huang, S., Li, T., Liu, B., White, F., 2010.
Rice xal3 recessive resistance to bacterial blight is defeated by induction
of the disease susceptibility gene Os-1IN3. Plant Cell 22, 3864—3876.

Young, N.D., 2000. The genetic architecture of resistance. Curr. Opin. Plant
Biol. 3, 285—290.

Zenbayashi-Sawata, K., Fukuoka, §S., Katagiri, S., Fujisawa, M.,
Matsumoto, T., Ashizawa, T., Koizumi, S., 2007. Genetic and physical
mapping of the partial resistance gene, pi34, to blast in rice. Phytopa-
thology 97, 598—602.

Zhang, J., Li, W., Xiang, T., Liu, Z., Laluk, K., Ding, X., Zou, Y., Gao, M.,
Zhang, X., Chen, S., Mengiste, T., Zhang, Y., Zhou, J.M., 2010a. Receptor-
like cytoplasmic kinases integrate signaling from multiple plant immune
receptors and are targeted by a Pseudomonas syringae effector. Cell Host
Microbe 7, 290—301.

Zhang, J., Lu, H., Li, X,, Li, Y., Cui, H., Wen, C.K., Tang, X., Su, Z.,
Zhou, J.M., 2010b. Effector-triggered and pathogen-associated molecular
pattern-triggered immunity differentially contribute to basal resistance to
Pseudomonas syringae. Mol. Plant Microbe Interact. 23, 940—948.

Zhang, J., Shao, F., Li, Y., Cui, H., Chen, L., Li, H., Zou, Y., Long, C., Lan, L.,
Chai, J., Chen, S., Tang, X., Zhou, J.M., 2007. A Pseudomonas syringae
effector inactivates MAPKs to suppress PAMP-induced immunity in
plants. Cell Host Microbe 1, 175—185.

Zhang, Y., Xu, S., Ding, P,, Wang, D., Cheng, Y.T., He, J., Gao, M., Xu, F,, Li, Y.,
Zhu, Z., Li, X., Zhang, Y., 2010c. Control of salicylic acid synthesis and
systemic acquired resistance by two members of a plant-specific family of
transcription factors. Proc. Natl. Acad. Sci. USA 107, 18220—18225.

Zhang, Y., Yang, Y., Fang, B., Gannon, P, Ding, P, Li, X., Zhang, Y., 2010d.
Arabidopsis snc2-1D activates receptor-like protein-mediated immunity
transduced through WRKY70. Plant Cell 22, 3153—3163.

Zhang, Z., Wu, Y., Gao, M., Zhang, J., Kong, Q., Liu, Y., Ba, H., Zhou, J.,
Zhang, Y., 2012. Disruption of PAMP-induced map kinase cascade by
a pseudomonas syringae effector activates plant immunity mediated by the
NB-LRR protein SUMM2. Cell Host Microbe 11, 253—263.

Zhao, X.R., Tan, G.Q., Xing, Y.X., Wei, L., Chao, Q., Zuo, W.L.,
Lubberstedt, T., Xu, M.L., 2012. Marker-assisted introgression of gHSRI
to improve maize resistance to head smut. Mol. Breeding 30, 1077—1088.

Zhou, N., Tootle, T.L., Glazebrook, J., 1999. Arabidopsis PAD3, a gene
required for camalexin biosynthesis, encodes a putative cytochrome p450
monooxygenase. Plant Cell 11, 2419—2428.

Zhu, X.Y., Chen, S., Liu, X.Q., Zeng, L.X., Ouyang, D.M., Yang, J.Y., 2011.
Genetic analysis and molecular mapping of a novel recessive gene xa34(t)
for resistance against Xanthomonas oryzae pv. Oryzae. Theor. Appl. Genet.
122, 1331-1338.

Zipfel, C., 2009. Early molecular events in PAMP-triggered immunity. Curr.
Opin. Plant Biol. 12, 414—420.

Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J.D.G., Boller, T.,
Felix, G., 2006. Perception of the bacterial PAMP EF-Tu by the receptor
EFR restricts Agrobacterium-mediated transformation. Cell 125, 749—760.

Zipfel, C., Rathjen, J.P., 2008. Plant immunity: AvrPto targets the frontline.
Curr. Biol. 18, R218—R220.



	The Genetic and Molecular Basis of Plant Resistance to Pathogens
	Introduction
	Genetic basis of plant disease resistance
	Qualitative and quantitative disease resistance
	Major genes for disease resistance
	Quantitative loci for disease resistance

	Mechanisms underlying plant resistance to pathogens
	Biotrophic and necrotrophic pathogens
	Plant resistance to biotrophs
	Plant resistance to necrotrophs
	RNA silencing in plant resistance

	A two-tiered innate immune system in plants
	PTI
	ETI
	Comparing signaling pathways engaged in PTI and ETI

	Contrasting models of pathogen recognition by plants
	The elicitor–suppressor and elicitor–receptor models
	The guard model
	The decoy model

	Application of major R genes and QRLs
	Utilization of major R genes
	Utilization of QRLs

	Perspectives
	Acknowledgements
	References


