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ABSTRACT

Plants are attacked by different kinds of pathogens; therefore plants have evolved defense mechanism to combat the pathogen attack and
diseases. Many microbial signature molecules, which are known as microbe associated or pathogen associated molecular patterns
(MAMPs/PAMPs) are recognized by a plant’s primary layer of immune response, known as PAMP-triggered immunity (PTI). In the co-
evolution of plant-microbe interactions, successful pathogens have acquired the ability to deliver effectors proteins directly inside plant
cell to suppress PTI, allowing pathogen growth and disease. As a counter measure, plants have developed a second layer of defense
system, by acquiring the ability to recognize these effector proteins via ‘Resistance’ (R) protein to trigger a defense response, known as
effector triggered immunity (ETI). In this review, we discuss the developments that have taken place in understanding the PTI, effectors
function, ETI and downstream signaling events. Understanding plant immune signaling pathways would be very helpful in controlling
plant diseases.
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Abbreviations: CDPK, calcium dependent protein kinase; ET, ethylene; ETI, effector-triggered immunity; HR, hypersensitive response;
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INTRODUCTION PAMP-TRIGGERED IMMUNITY

A number of plant diseases are caused by infectious agents
including viruses, fungi and bacteria. Reducing yield losses
due to plant diseases is necessary to secure sufficient food
supply for a growing world population. Therefore, the study
of plant-pathogen interactions is necessary to understand
the molecular basis of plant diseases and its ultimate goal is
to devise new strategies to protect crop plants against patho-
gen. Plants have the ability of recognizing and mounting
defense responses against various kinds of pathogens.
Plants have evolved to have two mechanisms of immunity
to attain resistance against the pathogens. In this review, we
outline our current knowledge of the signaling in plant-
microbe interactions that have provided important insights
to the mechanisms of activation of plant immunity and its
suppression by successful pathogens’s virulence functions.

The first mode of plant innate immunity is triggered upon
the recognition of microbe-associated or pathogen-asso-
ciated molecular patterns (MAMPs or PAMPs) or damage-
associated molecular patterns (DAMPs) through plant re-
ceptor proteins called pattern recognition receptors (PRRs).
This immune response is known as PAMP-triggered im-
munity (PTI) (Fig. 1) (Jones and Dangl 2006; Boller and
Felix 2009). PTI represents immediate early and transient
immune responses of plants against pathogens (Tsuda and
Katagiri 2010).

Elicitors of PTI
PAMPs are essential components/structures or molecules

that are conserved among diverse kind of species of
pathogens. PAMPs play a critical role in the lifestyle of
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Fig. 1 Schematic representation of the signaling involved in plant
immunity. Upon bacterial pathogen attack, the plant cell surface pattern
recognition receptor (PRR) recognizes the PAMPs such as flagellin, EF-
Tu, etc., and activates the PAMP-triggered immunity (PTI). However, a
virulent pathogenic bacterium secretes effector proteins in to plant cell via
a specialized structure, known as type 3 secretion system (T3SS). These
effectors make the condition favorable for in planta growth by sup-
pressing the PTI that leads to host susceptibility. In turn, plants have
acquired a resistance (R) protein that recognizes effector protein that leads
to effector-triggered immunity (ETI).

Extracellular
space

pathogens as well as are important for survival/pathogenesis.

Therefore, pathogenic strains having defects or mutations in
these conserved microbial signatures display impairment in
causing disease on their respective hosts (Dodds and Rath-
jen 2010). Several PAMPs such as bacterial flagellin, elon-
gation factor (EF-Tu), peptidoglycans (components of bac-
terial cell walls) have been shown to trigger PTI in Arabi-
dopsis while chitin, flagellin peptides, a sulfated peptide
Ax21 and lipopolysaccahride (LPS) were identified as
PAMPs triggering PTI in rice (Boller and Felix 2009; Chen
and Ronald 2011). Many plant pathogens secrete lytic
enzymes to dissolve plant cell wall. The released cell wall
fragments serve as an endogenous elicitors or DAMPs.
Bacterial type 2 secretion system (T2SS) exports enzymes
that are involved in degrading the plant cell wall such as
pectinases, endoglucanases, cellulases, etc. These and other
exoenzymes are believed to be responsible for causing the
rotting and macerating phenotypes that are associated with
these pathogens. Many of these T2SS enzymes are able to
induce plant innate immunity by mediating damage to the
cell wall and releasing DAMPs. For example, T2SS effec-
tors from Xanthomonas oryzae pv. oryzae such as cellulase,
lipase and xylanase act as a virulence factor and they are
also capable of inducing the plant defense response (Jha et
al. 2005, 2007). Some known DAMPs are produced under
stress condition such as wound-induced Arabidopsis pep-
tide Pepl (see an excellent review on PAMPs/DAMPs by
Boller and Felix 2009).

Perception of PAMPs by PRR

PRRs play a crucial role in initial pathogen perception and
initiation of active defense responses. These plasma mem-
brane localized receptors can be grouped into two classes-
transmembrane receptor like kinase (RLKs) having a serine/
threonine kinase domain and a transmembrane receptor like
proteins (RLPs) lacking any apparent internal signaling
domain. Their extracellular domains contain leucine-rich
repeats (LRR) or LysM motifs. In Arabidopsis, more than
600 RLKs and more than 50 RLPs are present and several
of them are responsive to various biotic stresses. PRRs dis-
play specificity for each kind of pathogen patterns (Zipfel
2008).

The well-characterized PRR of Arabidopsis that recog-
nizes the bacterial flagellin is leucine rich repeat-receptor
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like kinase (LRR-RLK) FLAGELLIN SENSING 2 (FLS2).
The FLS2 directly binds flagellin and forms an active sig-
naling complex. A 22-amino acid epitope (flg22) present in
the flagellin N-terminus is enough to activate the Arabidop-
sis FLS2 receptor (Chinchilla et al. 2006). The Arabidopsis
plants lacking FLS2 are insensitive to flagellin/flg22 and
these plants display more susceptibility towards pathogenic
bacterium Pseudomonas syringae pv. tomato DC3000 (Zip-
fel et al. 2004). Also, in Nicotiana benthamiana, silencing
of NbFLS?2 leads to increased growth of various kinds of
compatible, non-host and non-pathogenic strains of P. syrin-
gae (Hann and Rathjen 2007). However, PAMPs-treated
Arabidopsis fls2 mutants treated with crude bacterial ex-
tracts display resistance indicating that multiple PRRs do
exist for PAMPs other than flagellin and they ensure the
restriction of in planta microbial growth (Zipfel et al. 2004).
EF-Tu as a PAMP is perceived in Arabidopsis and some
other plants of family Brassicaceae. The elfl8, a highly
conserved N-acetylated 18-amino acid peptide, is sufficient
to trigger PTI. Arabidopsis PRR that recognizes EF-Tu, is
the LRR-RLK EF-TU RECEPTOR (EFR) (Kunze et al.
2004; Zipfel et al. 2006). Arabidopsis efr mutants show
more susceptibility towards Agrobacterium tumefaciens as
well as some weak strains of P. syringae pv. tomato, indi-
cating the importance of EF-Tu recognition driven plant
defense against bacterial attack (Zipfel et al. 2006). The rice
Xa21 (which encodes for a LRR-RLK) (Song ef al. 1995) is
a PRR, which confers resistance to multiple X. oryzae pv.
oryzae strains (Wang et al. 1996) producing Ax21 (Activa-
tor of XA21-mediated immunity) molecules (Shen et al.
2002; Lee et al. 2009). The X. oryzae pv. oryzae genetic
locus encoding for Ax21 has been identified and the Ax21
molecule was characterized as a sulfated 194 aa long
protein, which triggers XA2I1-mediated immunity in rice
towards X. oryzae pv. oryzae (Lee et al. 2009). A sulfated
17 amino acids peptide (AxY®22) derived from N-terminal
region of Ax21 can directly bind to XA21 and is sufficient
for activation of XA2l-mediated immunity. The PRR for
DAMP AtPepl has also been identified. The AtPepl rep-
resents C-terminal part of a small protein encoded by
PROPEPI, a gene induced by wounding. In Arabidopsis, a
LRR-RLK, PEPRI acts as PRR for AtPepl peptide (Yama-
guchi ef al. 2006).

Regulators of PTI

The establishment of PTI depends on the rapid recruitment
of multiple SERKs (SOMATIC EMBYROGENESIS
RECEPTOR LIKE KINASE) members within PRR com-
plex. Most PRRs require the LRR-RK BRASSINOSTE-
ROID INSENSITIVE-1-ASSOCIATED KINASE/SERK3
(BAK1/SERK3) for their activity (Chinchilla et al. 2007,
Heese et al. 2007; Roux et al. 2011). The PRRs such as
EFR and FLS2 rapidly forms complex with BAK1 upon
treatment of EF-Tu and flg22. This interaction leads to
phosphorylation of both PRR and BAKI proteins. Arabi-
dopsis plants having bak! mutations show decreased res-
ponse to either flg22/elf18 (Chinchilla ef al. 2007; Heese et
al. 2007). Furthermore, a cytoplasmic protein kinase, BIK1
(BOTRYTIS-INDUCED KINASE 1) has been identified as
a regulator of FLS2-BAKI interaction. Up-regulation of the
bikl gene as well as rapid phophorylation of BIK1 upon fla-
gellin perception has been observed. /n vivo, BIK1 interacts
with FLS2 and BAK1 transphosphorylates both FLS2 and
BAKI1 to propagate flagellin mediated PTI signaling. The
bikl mutants are reduced for flagellin mediated response as
well as immunity to the nonpathogenic bacterial infection.
This indicates that BIK1 is an important component in PTI
signaling (Lu ef al. 2010). Recently, it has been shown that
flagellin also recruit two closely related U-box E3 ubiquitin
ligases, PUB12 and PUBI13, to FLS2 receptor complex in
Arabidopsis. BAK1 is required for FLS2-PUB12/PUBI13
association. PUB12 /PUB13 attenuate the activity of FLS2
by polyubiquitination and subsequent degradation. Arabi-
dopsis plants lacking PUB12 and PUB13 display increased
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level of resistance against Pseudomonas spp. These suggest
that PUB12/PUBI13 are negative regulators of flagellin sig-
naling. It also indicates that PUB12/PUB13 can be genetic-
ally manipulated to enhance the disease resistance in plants
(Luetal 2011).

Understanding of PAMPs induced PRRs signaling in
plants can provide novel strategies to control the plant dis-
ease. It has been shown that PRR retains its activity when it
is transferred between two plant families. For example,
transgenic expression of Arabidopsis EFR provides respon-
siveness to EF-Tu in N. benthamiana and tomato plants and
also confers broad-spectrum bacterial resistance (Lacombe
et al. 2010). These results indicate that signaling pathways
downstream of PRRs are well conserved across plants spe-
cies and interfamily PRRs transfer could provide durable
resistance against economically important bacterial patho-
gens.

PATHOGEN EFFECTORS

Successful pathogens suppress PAMP-triggered immunity
and therefore, are able to cause a disease on respective host
(Fig. 1). Bacterial pathogens employ a variety of virulence
factors that facilitate their growth and disease-causing
capabilities in plant tissues. An important step of bacterial
pathogenesis is the delivery of virulence proteins from the
bacterium into the plant’s apoplast or cytoplasm. Indeed, in
many early genetic screens for mutants of bacterial patho-
genesis, mutations that disrupted for the function of protein-
secretion systems were identified rather than effector
proteins and enzymes that are direct modulators of plant
biology (Preston et al. 2005). The well characterized sec-
retion system in plant pathogens is the type 3 secretion
system (T3SS). The T3SS is related to the bacterial flagellin,
and forms a pilus that injects effectors into the plant cell.
Inside the plant cell, these effectors modulate the plant’s
physiology to benefit the pathogen (Alfano and Collmer
1997; Buttner and Bonas 2002). Bacteria of different life-
styles, including pathogenic as well as symbiotic, depends
on the T3SS to successfully interact with their hosts. Many
plant-pathogenic bacteria such as Xanthomonas spp. inject
more than 25 different kinds of type 3 effectors (T3Es) pro-
teins directly into plant cells using T3SS (Kay and Bonas
2009). These T3Es promote pathogenicity by modulating
host defense signaling and suppressing PTI (Alfano and
Collmer 2004; Jones and Dangl 2006; Boller and He 2009).
In phytopathogenic bacteria, the components of T3SS are
encoded by /rp (hypersensitive response and pathogenicity)
genes. Mutations in these genes result in loss of patho-
genicity on susceptible host plants and inability to elicit the
HR on non-host or resistant host plants (Alfano and Coll-
mer 1997). For example, mutations in the Arp region of X.
oryzae pv. oryzae result in the loss of pathogenicity on rice
and loss of elicitation of the HR on either non-host plants
such as tomato or resistant rice cultivars (Zhu et al. 2000).
Mutations in genes for individual T3E often have less or no
significant effect on the virulence phenotype indicating
functional redundancy among T3Es (Roden et al. 2004;
Castaneda et al. 2005). Although few T3Es have been
shown to be important for virulence of plant pathogenic
bacteria, various studies indicate that individual T3Es parti-
cipate in suppression of plant innate immune responses that
are triggered by PAMPs (Espinosa and Alfano 2004; Kesha-
varzi et al. 2004; Grant et al. 2006; Jha et al. 2007).

Bacterial effectors functions

There is a great diversity of effectors among bacterial spe-
cies based on sequence level comparisons within different
strains of plant pathogenic bacteria. In the past few years,
genome sequences of many plant pathogenic bacteria have
revealed that the type and variety of repertoire of T3SS
effectors is very large and not much is known about the
function of these effectors. These effectors have diverse
enzymatic activities, such as cysteine protease (Shao et al.
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2002; Lopez-Solanilla et al. 2004; Mudgett 2005), SUMO
protease, ubiquitin E3 ligase and protein phosphatase acti-
vity, mono-ADP-ribosyltransferase, and studies of sub-
cellular localization and host-mediated post-translational
modifications have provided further clues regarding effector
function (Gohre and Robatzek 2008).

P. syringae effectors such as AvrPto and AvrPtoB, target
the FLS2-BAK1 complex (Gohre et al. 2008; Shan et al.
2008). The N-terminal kinase-targeting domain of AvrPtoB
is sufficient to suppress flagellin responses while its C-
terminal E3 ligase domain promote the degradation of FLS2
complex (Xiang ef al. 2008). As a kinase inhibitor, AvrPto
suppresses activity of various PRR receptor kinases. Arabi-
dopsis resistance regulator RIN4 (RPMI1-INTERACTING
PROTEIN 4) is targeted by the P. syringae effectors AvrB,
AvrRPM1 and AvrRpt2 through various molecular mecha-
nisms (Mackey e? al. 2002; Axtell et al. 2003; Mackey et al.
2003).

Interestingly, not all T3Es suppress PTI, but some bac-
terial effectors acts as transcription factors, which induce
the expression of some specific host susceptible gene re-
quired for disease development and in planta growth. These
T3Es are called TAL (transcription activator like) belonging
to conserved AvrBs3/PthA effector family (Boch ef al.
2009; Moscou and Bogdanove 2009). The presence of TAL-
T3Es representing major virulence factor is restricted to
Xanthomonas spp., but less conserved relatives have been
also identified in Ralstonia solanacearum (Gurlebeck et al.
2006). They share features of eukaryotic transcription fac-
tors and are characterized by the presence of a central
domain of tandem repeats, nuclear localization signals and
an acidic transcriptional activation domain at their C-termi-
nal region (Zhu et al. 1998; Szurek et al. 2001; Schornack
et al. 2006).

X. campestris pv. vesicatoria AvrBs3 causes hyper-
trophy in mesophyll cells of susceptible pepper hosts. This
helps in pathogen release to the plant surface during the late
infective phase and also helps in pathogen spread in the
field (Marois et al. 2002; Wichmann and Bergelson 2004).
Several host (pepper) target genes of X. campestris pv. vesi-
catoria have been identified and are known as UP4 (Up
regulated by AvrBs3). The expression of a transcription
factor UPA20, key regulator of cell hypertrophy, is up regu-
lated by AvrBs3 (Kay et al. 2007; Kay and Bonas 2009).
Promoter analysis of UPA genes revealed the presence of a
UPA box, at which AvrBs3 binds directly and modulates
host gene expression (Romer ef al. 2007). The role of TAL-
T3Es in the elicitation of citrus canker by X. axonopodis pv.
citri and in the formation of water soaked lesion in leaves
by the cotton pathogen X. campestris pv. malvacearum,
have been demonstrated (Yang et al. 1996; Al-Saadi et al.
2007).

The AvrXa7, PthXol, PthXo2 and PthXo3 proteins are
the major virulence T3Es of this family in X. oryzae pv.
oryzae (White and Yang 2009). X. oryzae pv. oryzae strains
disrupted for TAL-T3Es exhibit severe virulence deficiency
(Yang and White 2004). The PthXol protein induces the
expression of a dominant allele OsSWEET]] [also known as
Os8N3; corresponding recessive allele (xal3 or ossweetll)
is promoter mutant of OsSWEETI1 (Xal3) and it encodes a
protein belonging to class of sugar transporters, called
SWEETs] (Yang et al. 2006; Chen et al. 2010). The gene
pthXol was identified from PX099” strain of X. oryzae pv.
oryzae. PthXol cannot up regulate expression of
OsSWEETII in rice lines homozygous for xal3 allele. Pro-
moter sequence variation leads to loss of xa/3 inducibility
and consequently loss of susceptibility towards X. oryzae pv.
oryzae strain PX099*. Hence, OsSWEETII, a target of
PthXol, is classified as host susceptibility (S) gene (Yang et
al. 2006). OsSWEETII is a plasma membrane localized
protein and PthXol activates transcription of OsSWEET]11
to induce the efflux of sugar to feed the X. oryzae pv.
oryzae in the xylem (Chen er al. 2010). Knockdown of
OsSWEETI1 via RNAI in susceptible rice line leads to re-
sistance, but unlike rice plants having xal3 allele, these
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silenced plants exhibit low pollen viability and reduced
seed set (Chu et al. 2006, 2010). Rice plants have evolved
to have the xal3 allele, which eliminates the disease sus-
ceptibility without affecting the normal developmental pro-
cess. However, xal3-mediated resistance can be defeated by
X. oryzae pv. oryzae strain PX099” having the alternative
TAL effector AvrXa7, which activates the another sugar
transporter OsSWEETI4 for sugar efflux to support the
pathogen growth (Chen et al. 2010).

X oryzae pv. oryzae strain PX099” also induces the ex-
pression of two other rice genes in a T3SS dependent man-
ner. These are, OsTFXI (encodes a member of bZIP trans-
cription family, present on chromosome 9) and OsTFIIAyl
(encodes a small subunit of the transcription factor I1A).
The OsTFXI and OsTFIIAyl genes are induced by TAL-
T3Es PthXo6 and PthXo7, respectively. The loss of pthXo6
results in reduced virulence of X. oryzae pv. oryzae and
ectopic expression of OsTFX] (its function in normal plant
is unknown) abrogates the requirement for pthXo6 for full
virulence (Sugio et al. 2007). In rice, there are two loci for
the y subunit of the TFIIA, one on chromosome 1
(OsTFIIAyl) and another on chromosome 5 [two alleles,
OsTFIIAy5 and xa5 (encodes for TFIIA*?)]. The PthXo7
induces the expression of OsTFIIAyl and contributes to
virulence on rice containing xa5 the resistance gene [a
recessive allele (missense mutant) of OsTFIIAy5 encoding a
second form of the TFIIA small subunit on chromosome 5
of rice] (Sugio et al. 2007). TFIIAYS has been shown to be
the predominant form of protein in rice while TFIIAy1l may
have a role in some specific, but as yet unknown stages.
The xa5 gene provides resistance to plants while main-
taining the functionality of the protein, which is required for
normal gene expression. It has been suggested that TFIIA™
may not interact with TAL-T3Es. Therefore, the PX099"*
strain of X. oryzae pv. oryzae may have evolved to have a
pthXo7 gene, which elevates the level of TFIIAyl (White
and Yang 2009), to compensate for an inability to upregu-
late expression of this gene in rice plants homozygous for
the xaj allele. X. oryzae pv. oryzae therefore alters the ex-
pression of multiple genes of host using TAL-T3Es sup-
porting the hypothesis that the expression of cognate target
genes results in host susceptibility, which brings about a
favorable host environment for the pathogen to cause dis-
ease.

There are also examples in which bacteria can manipu-
late hormone pathways of host plant. Plant hormones can
quickly and potently affect plant physiology; therefore it is
not surprising that pathogens manipulate plant hormone sig-
naling to promote disease. The P syringae pv. tomato toxin
coronatine functions as a methyl jasmonate homologue to
alter jasmonic acid (JA)-dependent plant responses. Micro-
array experiments show that coronatine dramatically re-
programmes host gene expression, causing altered expres-
sion of many genes (Uppalapati et al. 2005), including the
upregulation of genes that are involved in the synthesis of
endogenous JA. Coronatine-dependent reprogramming of
plant gene expression has been shown to induce systemic
susceptibility to bacterial pathogens, demonstrating that
effector-mediated hormone regulation can broadly function
as a virulence mechanism. T3Es have also been shown to
modulate JA signaling to inhibit plant defence (He et al.
2004). Further understanding of the functions of the T3Es
from plant pathogenic bacteria will help in understanding of
pathogenicity strategies employed by plant pathogenic bac-
teria.

EFFECTOR-TRIGGERED IMMUNITY

Plants have evolved to have a second layer of immunity,
which is mediated by Resistance (R) proteins that specific-
ally recognize cognate pathogens effectors to induce ef-
fector-triggered immunity (ETI) or R gene-mediated disease
resistance (Fig. 1) (Dodds and Rathjen 2010). Recognition
of specific bacterial T3Es by plants carrying the cognate
resistance (R) gene leads to start of a programmed cell
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death called hypersensitive response (HR), which limits the
proliferation of the pathogen (Chisholm et al. 2006; Jones
and Dangl 2006). Although ETI and PTI both give similar
kind of response, ETI provides qualitatively prolonged and
faster response (Tsuda and Katagiri 2010). In the absence of
this interaction, pathogen escapes detection from plant and
cause disease.

Mostly, resistance genes belong to a family of intracel-
lular proteins having a nucleotide- binding (NB) site and
leucine rich repeat (LRR) domain (Dangle and Jones 2001).
Based on N-terminal domain, the NB-LRR class of R genes
can be divided into coiled-coil (CC) NB-LRR and Toll-
Interleukin-1 receptor (TIR) NB-LRR. For example, among
the TIR-NB-LRR class of cytoplasmic R proteins are RPP5
and RPS4, which confer resistance to downy mildew patho-
gen Peronospora parasitica and bacterium P. syringae, res-
pectively (Gassmann et al. 1999; Noel et al. 1999). RPM1
and RPS2 are of the CC-NB-LRR-type of R-proteins that
provide plant a resistant to P. syringae strains expressing the
cognate effector genes (Holub 2001). Few components of
ETI signaling have been identified. For example, EDSI
(ENHANCED DISEASE SUSCEPTIBILITY 1) of Arabi-
dopsis is required for TIR-NB-LRR mediated signaling
(Wiermer et al. 2005) whereas NDR1 (NONRACE-SPECI-
FIC DISEASE RESISTANCE 1) is required for some of the
CC-NB-LRR mediated signaling (Day et al. 2006).

NB-LRR proteins can recognize pathogen effectors via
two ways either 1) directly by physical interaction or 2)
indirectly through an accessory protein that is part of an
NB-LRR protein complex. In indirect mode, the pathogens
effectors modifies the accessory proteins as a virulence
target and this leads to recognition of modified accessory
proteins by the NB-LRR protein. According to guard hypo-
thesis (Dangl and Jones 2001), R protein does not interact
directly with a pathogen effector but rather with another
plant protein (the guard). The attempt of the pathogen to
modify the guard activates the R protein, and plant resis-
tance is triggered (Dangl and Jones 2001). Arabidopsis
RIN4 is an example of a guard protein. Two P. syringae
effector proteins, AvrRpm1 and AvRpt2, manipulate RIN4,
a regulator of PAMP signaling, and thus, interfere with the
activation of basal defences (Cui ef al. 2009).

The tomato plants carrying the NB-LRR protein Prf
trigger resistance against P. syringae expressing effectors
AvrPto and AvrPtoB whereas P. syringae strains having
effectors AvrB or AvrRpml, AvrRpt2 and AvrPphB trigger
resistance in Arabidopsis plants carrying NB-LRR proteins
RPMI1, RPS2 and RPSS5, respectively (Chisholm ef al.
2006). In tomato, the NB-LRR protein Prf forms a complex
with the accessory protein Pto kinase, which is target of
AvrPto and AvrPtoB effectors of P syingae pv. tomato
(Mucyn et al. 2006). AvrPto does not have any catalytic
activity; however it targets Pto as a kinase inhibitor and
triggers disease resistance in tomato by interacting with Pto
directly (Tang et al. 1996; Mucyn et al. 2006; Xing et al.
2007). Pto and its homologue Fen interact, AvrPtoB, to
trigger resistance (Kim et al. 2002; Rosebrock et al. 2007).
N-terminus of AvrPtoB inhibits Pto kinase activity whereas
its C-terminus displays homology to eukaryotic E3 ubiqui-
tin ligase (Abramovitch et al. 2006; Janjusevic et al. 2006).
By ubiquitin ligase activity, AvrPtoB degrades Fen to desta-
bilize Fen-Prf complex (Rosebrock er al. 2007), thereby
pathogen escapes recognition of AvrPtoB by Fen-Prf com-
plex (Ntoukakis et al. 2009). In contrast, AvrPtoB does not
ubiquitinate Pto because Pto kinase phosphorylate C-ter-
minus of AvrPtoB to inhibit its intrinsic ubiquitin E3 ligase
activity (Ntoukakis et al. 2009). That prevents the degrada-
tion of resistance Pto-Prf complex. This interaction between
AvrPtoB and Pto-Prf/Fen-Prf represent a fine example of
evolutionary race between pathogen effectors mediated
pathogenesis and R-gene mediated resistance in plants.

AvrPphB is a cysteins protease that target and cleaves
the protein kinase PBS1 of Arabidopsis. The PBSI is asso-
ciated with RPS5 (RESISTANCE TO PSEUDOMONAS
SYRINGAE 5). The cleavage of PBS1 in the PBS1-RPS5
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complex leads to RPS5 conformational changes, which trig-
ger resistance (Shao et al. 2003). In Arabidopsis, a key
regulator of plant immunity, RIN4 (a membrane localized
protein) is monitored by two R proteins, namely, RPM1 and
RPS2. P, syringae effectors, AvrB and AvrRpm1 are recog-
nized by RPM1. AvrB and AvrRpm1 directed phosphoryla-
tion of RIN4 activates RPM1, which in turn activates resis-
tance signaling (Mackey et al. 2002). Kim et al. (2005)
have shown that by modifying RIN4, AvrRpml suppress
PTI. Another P. syrinage protease effector AvrRpt2 deg-
rades RIN4 that leads to activation of RPS2 protein medi-
ated resistance signaling pathways (Kim et al. 2005). The
AvrRpt2 also suppresses the PTI by degrading RIN4 protein
(Axtell and Stasskawicz 2003; Mackey et al. 2003). Overall,
this indicates that a single R protein can recognize more
than one effector via monitoring modifications in a common
accessory protein, RIN4. It is highly like that pathogen
effectors, AvrB and AvrRpm1 are evolved to inhibit PTI by
targeting RIN4. In turn, plant evolved to have RPMI1 to
detect these effectors. Subsequently, pathogen evolved to
have AvrRpt2 that deactivates the RPM1 mediated resis-
tance in plants. However, in this evolutionary race, finally
plants have evolved to have RPS2 to detect the presence of
AvrRpt2, keeping resistance intact and inhibiting pathogen
growth. This R protein-effector interaction is a remarkable
example of evolutionary tussle between pathogen effectors
and host resistance signaling pathways. This also indicates
that acquisition of effectors by pathogen to suppress PAMP-
triggered immunity led to evolution of R protein mediated
ETI in plants. However, pathogens often evade recognition
by plant by a loss of avr genes that lead to breakdown of R-
gene mediated resistance in crops. R-protein-mediated re-
cognition of basal defence suppressing effectors presents a
strong selective challenge to the invading pathogen because
loss of the recognized effector might also cause a signifi-
cant decrease in pathogens fitness.

SIGNALING MECHANISM AND DOWNSTREAM
RESPONSES IN PTI AND ETI

During both PTI and ETI, plant display various responses
that include localized cell death (hypertensive response),
stomata closure, deposition of callose to strengthen the
plant cell wall at sites of infection, production of reactive
oxygen species (ROS), rapid ion fluxes across the plasma
membrane, accumulation of anti-microbial compounds, hor-
monal changes, activation of signaling cascades and change
in gene expression, all of which ensures the prevention of
pathogen growth (Chrisholm ef al. 2006; Tsuda and Kata-
giri 2010). Transcriptome studies have shown that set of
genes induced during PTI and ETI are overlapping in nature
(Navaro et al. 2004). This suggests that plants use common
downstream signaling pathways in response to various
pathogens stimuli. Several studies have indicated that a
successful pathogen interfere PTI signaling pathways by
using various effectors, however they do not interfere ETI
signaling pathways. Pathogen can escape from ETI by
evading plant recognition mechanism. Additionally, genetic
screens to get components of ETI signaling resulted in only
inactivation of genes encoding for R-genes. Taken together,
this suggests that ETI signaling pathways are robust than
PTI signaling pathways against plant pathogens.

lon fluxes, reactive oxygen species production
and plant cell death

Recognition of PAMPs/DAMPs causes rapid influx of H"
and Ca®" and efflux of K™ and anions such as nitrate (Wen-
dehenne et al. 2002; Boller and Felix 2009). Increased
cytoplasmic Ca”" acts as secondary messenger and activates
calcium-dependent protein kinases (CDPKs) (Ludwig ef al.
2005; Ma 2011). Plants also respond to pathogens by pro-
ducing reactive oxygen species (ROS) (Torres et al. 2006)
that can act as stress signals or as an antibacterial agent.
ROS production is dependent on NADPH oxidase AtRbohD
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in Arabidopsis. Zhang et al. (2007) has shown that Arabi-
dopsis atrbohD mutants are deficient for flg-22 induced PTI.
Generally, PAMPs induce transient/low amplitude of ROS
production, however R-protein directed pathogen effector
recognition leads to sustained and high amplitude of ROS
production (Torres et al. 2006; Tsuda and Katagiri 2010).

In ETI, recognition of effector protein by R-protein
leads to a form of rapid plant cell death known as hyper-
sensitive response (HR), which may have role in preventing
pathogen growth (Jones and Dangle 2006). In a study, it has
been shown that AvrRps4-triggered (RPS4-mediated ETI)
HR involves autophagy while AvrRpt2-triggered (RPS2-
mediated ETI) HR does not involve autophagy. This indi-
cates that pathways leading to HR are different in different
R-protein mediated ETI events (Hofius ef al. 2009). The P.
syringae pv. tabaci 6605 flagellin induces cell death, indi-
cating that HR and cell death can occur in PTI as well as
ETI (Naito et al. 2008).

Gene expression changes and various host kinase
signaling

In several studies, it has been found that upon PAMP treat-
ment, a large number of host plant genes are differentially
expressed. Treatment with PAMPs such as fig22, elf26, and
chitin leads to up regulation of large subset of common
genes at early time points (Tsuda and Katagiri 2010). This
suggests that PTI signaling triggered by various kinds of
PAMPs have common downstream signaling components.
Denoux et al. (2008) showed that oligogalacturonides
(oligosaccharides derived from the plant cell wall produced
by a fungal pathogen) and flg22 induces similar transcrip-
tional changes at early time points of treatments but the
response of later time points differs. This suggest that,
although host plants can use common components in early
PTI signaling, but host plants may use entirely different
components in late PTI signaling depending on the type of
PAMPs to ensure the potent immune response against
pathogen. Furthermore, it has been found that significant
common genes are induced by PMAP and effector recog-
nition (Navarro et al. 2004). This suggests that overlapping
gene expression changes are observed in downstream res-
ponses during both PTT and ETL

The involvement of mitogen activated protein kinase
(MAPK) signaling cascade in Arabidopsis innate immunity
have been studied well (Asai ef al. 2002). In eukaryotic sys-
tems, components of MAPK signaling cascade transfer the
signals from extracellular receptors to cell for providing the
appropriate cellular responses. A MAPK cascade consists of
a complex consisting of MAPK kinase kinase (MAPKKK),
which phosphorylates a MAPK kinase (MAPKK), which
phosphorylates MAPK. MAPK cascade regulates and
modulates the activity of variety of substrates including
transcription factors. The crucial role of MAPK cascade has
been established in both PTT and ETI (Pitzschke et al. 2009;
Tsuda and Katagiri 2010). Recognition of flg-22 triggers the
activation of MAPKKs MKK4/5 and MAPKs MPK3/6.
This causes further activation of WRKY transcription fac-
tors, which in turn, activates the expression of several plant
defense related genes (Asai et al. 2002). Asai et al. (2002)
also demonstrated that constitutive activation of MAPK
cascade provides resistance against both bacterial and fun-
gal pathogens. PAMPs induced MAPK activation takes
place at very early time points and its activation is transient
in nature. MPK3/6 are activated by other PAMPs such as
elfl8, chitin, etc (Tsuda and Katagiri 2010). MPK3/6 are
also activated upon infection of P. syringae, but prolonged
activation of MPK3/6 has been observed if Arabidopsis
plants are infected with P. syringae strains carrying effector,
AvrRpt2 (Underwood et al. 2007). Other than MAPK sig-
naling cascade, activation of CDPKs is also important in
achieving FLS2-mediated immunity (Boudsocq et al. 2010).
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Plant hormone signaling

Plant hormones such as salicylic acid (SA), jasmonic acid
(JA), ethylene (ET) play important role in regulation of
defense gene expression and plant innate immunity (Bari
and Jones 2009). SA and JA-ET signaling pathways work
antagonistically. SA signaling pathway provides resistance
against biotrophs/hemibiotrophs such as P. syringae, where-
as JA-ET signaling pathway provides immunity against
necrotrophs such as fungal pathogen Alternaria spp. (Bari
and Jones 2009; Tsuda and Katagiri 2010). PAMPs such as
flg22 induce the production of SA. Tsuda et al. (2008)
demonstrated that SA deficient mutant was compromised
for flg22 triggered PTI against P. syringae pv. tomato
DC3000. Moreover, PAMPs also triggers the ET and JA
production (Halim et al. 2009). This suggests that both SA
and JA-ET signaling pathways act synergistically in PTI to
achieve immunity. The AvrRpt2 triggered immunity via
RPS2 display dependency on SA accumulation. Production
of JA and ET has also been observed during ETI (Tsuda and
Katagiri 2010). Besides, SA, JA and ET, the plant hormones
such as auxin, abscisic acid, gibberllin, cytokinin, brassino-
steroids play an important role in plant-pathogen interac-
tions (Robert-Seilaniantz et al. 2011).

CONCLUSION

The research reviewed indicates that both plant and patho-
gen have co-evolved to possess various mechanisms for sur-
vival. These studies have provided important insights into
the molecular signaling in plant-microbe interactions and
are indicative of the ongoing evolutionary tussle between
the pathogen and its host plant. A better understanding of
the mechanisms underlying this interplay might lead to
effective strategies for preventing yield losses due to plant
pathogens.
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