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Summary
Bacterial pathogens can cause multiple plant diseases and plants rely on their innate immune
system to recognize and actively respond to these microbes. The plant innate immune system is
comprised of extracellular pattern recognition receptors that recognize conserved microbial
patterns and intracellular nucleotide binding leucine-rich repeat (NLR) proteins that recognize
specific bacterial effectors delivered into host cells. Plants lack the adaptive immune branch
present in animals, but still afford flexibility to pathogen attack through systemic and
transgenerational resistance. Here, we focus on current research in plant immune responses against
bacterial pathogens. Recent studies shed light onto the activation and inactivation of pattern
recognition receptors and systemic acquired resistance. New research has also uncovered
additional layers of complexity surrounding NLR immune receptor activation, cooperation, and
sub-cellular localizations. Taken together, these recent advances bring us closer to understanding
the web of inter-molecular interactions responsible for coordinating defense responses and
ultimately resistance.

Keywords
effector-triggered immunity (ETI); pattern-triggered immunity (PTI); plant innate immunity;
resistance genes; systemic acquired resistance (SAR); transgenerational resistance

Introduction
Plants can be infected by a diverse array of microbial pathogens, resulting in significant
damage to crop species and consequently food shortages and economic loss. In this review,
we will focus on plant immune responses to foliar Gram-negative bacterial pathogens. These
bacteria enter to their host through natural openings or wounds and proliferate in the
apoplast. Examples are members of the Pseudomonads and Xanthomonads, which are
responsible for several serious crop diseases such as bacterial spot and speck of tomato,
black rot of crucifers, and bacterial blight on rice. The main virulence strategies of these
gram-negative bacterial pathogens are toxins and effector proteins (Cui et al., 2009). They
use the type three secretion system to deliver the effector proteins directly into host cells,
where characterized effectors function as enzymes to inhibit plant immune perception and
facilitate bacterial colonization (Cui et al., 2009).

To inhibit pathogen invasion and multiplication, plants rely on their innate immune system
(Spoel & Dong, 2012). Surface localized immune receptors recognize conserved microbial
features called Pathogen-Associated Molecular Patterns (PAMPs), such as bacterial
flagellin, resulting in pattern-triggered immunity (PTI) (Spoel & Dong, 2012). In addition to

Author for correspondence: Gitta Coaker, Tel: +1 530 752 6541, glcoaker@ucdavis.edu.

NIH Public Access
Author Manuscript
New Phytol. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
New Phytol. 2013 September ; 199(4): 908–915. doi:10.1111/nph.12214.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microbial features, surface receptors can also recognize self-derived Damage-Associated
Molecular Patterns (DAMPs) that are the result of wounding, initiating a similar immune
response to PTI. Plants also employ intracellular immune receptors that can recognize
specific bacterial effectors, leading to robust effector-triggered immunity (ETI). The plant
immune system not only acts to limit current pathogen invaders, but can also prime the plant
and its’ progeny for heightened resistance against subsequent attack. Localized ETI leads to
subsequent transmission of mobile signals to distal plant tissue, priming defense responses
resulting in systemic resistance against future attack. Pathogen infection can also induce
epigenetic modifications conferring trans-generational immunity. These layers of the plant
innate immune system function together and as a result, the vast majority of microbes are
nonpathogenic on most plants. Here, we highlight some of the most recent findings in
context with the current understanding of mechanisms governing plant immune responses
informed by decades of research.

FLS2: the flagellin immune receptor as a model for PTI responses
Pattern-triggered immunity is widely considered to be effective in conferring resistance
against most pathogens, and only specialized pathogens have evolved to overcome it.
Several bacterial PAMPs have been identified, such as flagellin and elongation factor Tu,
allowing for significant progress in the elucidation of the molecular mechanisms resulting in
PTI. While most work on bacterial PAMP recognition has been performed in Arabidopsis,
conserved flagellin PAMP receptors have also been found in other plant species.
Furthermore, there are a set of PTI hallmarks that appear to be widely conserved
independent of the PAMP that is recognized. These hallmarks include: MAP kinase
(MAPK) and calcium-dependent protein kinase (CDPK) activation, generation of
extracellular superoxide, defense gene activation and callose deposition (Boudsocq et al.,
2010; Segonzac & Zipfel, 2011). These PTI markers have been well established, and can be
broken into early and late events where calcium influx, MAPK and CDPK activation occurs
within minutes, followed shortly by ROS production then defense gene activation. Finally,
several hours later, callose deposition is observed (Fig. 1). It is also clear that these defense
markers are not completely dependent on one another, as was demonstrated by the recent
uncoupling of ROS production and MAPK activation (Segonzac et al., 2011).

The best characterized PAMP receptor is the Arabidopsis flagellin receptor Flagellin
Sensing 2 (FLS2) (Gomez-Gomez & Boller, 2000). FLS2 is a member of the receptor-like
kinase (RLK) family, with an extracellular leucine-rich repeat (LRR) domain and an
intracellular kinase domain. Perception of flagellin monomers or a 22-amino acid epitope of
flagellin (flg22) induces dynamic changes in the FLS2 protein complex in addition to
multiple post-translational modifications. One of the first of these dynamic changes is
heterodimerization between FLS2 and its co-receptor BRI1-Associated Kinase (BAK1) after
FLS2 binds flagellin (reviewed in (Segonzac & Zipfel, 2011)). BAK1 is also a receptor-like
kinase and an important co-receptor for multiple RLKs involved in sensing PAMPs and
DAMPs. BAK1 can function as a co-receptor for the EF-Tu Receptor EFR, the Pep
Receptor 1 (PEPR1) and PEPR2, as well as the plant brassinosteriod receptor BRI1
(Yamaguchi et al., 2006; Segonzac & Zipfel, 2011). BAK1 is a member of the larger
Somatic Embryogenesis Receptor-like Kinase (SERK) family, and other SERK members
also interact with FLS2 and play a role in FLS2 signaling (Roux et al., 2011). Co-
immunoprecipitation experiments between SERK members and either FLS2 or EFR indicate
that both receptors heteromerize with multiple SERK members, but FLS2 strongly prefers to
associate with BAK1 while EFR shows equal preference for multiple SERKs (Roux et al.,
2011). Investigations into SERK co-receptors have revealed conserved mechanisms of
receptor activation at the plasma membrane. In all cases, ligand binding by the receptor
protein induces heteroligomerization, followed by transphosphorylation and activation of
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downstream signaling (Segonzac & Zipfel, 2011) (Fig. 1). Importantly, FLS2 function has
also resulted in a set of PTI hallmarks, discussed above, that are conserved across activation
of diverse RLKs in different plant species.

An essential kinase regulating transphosphorylation of the FLS2 complex is BIK1 (Botrytis
Induced Kinase 1), a receptor-like cytoplasmic kinase (Lu et al., 2010; Zhang et al., 2010).
Dynamics surrounding FLS2 activation include BAK1-FLS2 heteromerization, association
and transphosphorylation between BIK1 and BAK1-FLS2, followed by release of
phosphorylated BIK1 (Segonzac & Zipfel, 2011) (Fig. 1). Downstream substrates of the
activated BAK1-FLS2 complex leading to activation of MAPKs have yet to be elucidated
and will be key to a more complete understanding of PTI.

Data providing evidence for FLS2 regulation through both endocytic cycling as well as
ubiquitination have inserted additional complexity in FLS2-triggered PTI (Robatzek et al.,
2006; Beck et al., 2012). Resting-state FLS2 is recycled between the plasma membrane and
early endosomes, while activated FLS2 accumulates in early then late endosomal
compartments (Beck et al., 2012) (Fig. 1). Interestingly, BAK1 is only required for activated
FLS2 accumulation in late endosomes (Beck et al., 2012). These data invoke some
important questions about intermediary signaling complexes FLS2 may be involved in and
the role of endocytosis in FLS2-triggered PTI. Is FLS2 forming signaling complexes within
the endosomes, which could link to MAPK activation, or is it only sequestered for
degradation? While much has been revealed about FLS2 activation, partners and its
subcellular journey, the connection between these events and immediate downstream PTI
signaling responses remain undiscovered. Furthermore, it is unknown if other PAMP or
DAMP receptors also undergo endocytosis.

Inappropriate or prolonged activation of immune responses is deleterious for plant health
and productivity. Thus, immune receptor activation must be tightly regulated. Recently, the
E3 ligases PUB12 and PUB13 were shown to rapidly ubiquitinate activated FLS2,
highlighting the tight regulation of immune responses (Lu et al., 2011). PUB12 and PUB13
associate with BAK1 at the plasma membrane and are rapidly phosphorylated by BAK1
upon FLS2 activation. Phosphorylated PUB12/13 ubiquitinate activated FLS2 and target it
for degradation (Lu et al., 2011). FLS2 can associate with PUB12 and PUB13 within 30 s
post FLS2 activation, underscoring the rapidity with which activated FLS2 responds to
ligand perception and forms a complex (Lu et al., 2011). Evidence suggests that FLS2
ubiquitination targets the activated receptor for proteasomal degradation in order to finely
tune defense signaling (Fig. 1). Consistent with this hypothesis, pub12/13 mutants have an
enhanced disease resistance phenotype when inoculated with virulent bacteria (Lu et al.,
2011). Future research investigating the duration of PUB12/13’s association with activated
FLS2 and if these proteins are coordinately endocytosed will shed light onto the dynamics of
FLS2 signaling.

Recently, two manuscripts suggested broad-spectrum ligand activation for FLS2, where it
was shown to respond to CLAVATA 3 peptides (Lee et al., 2011) and sulfonated Ax21
(Danna et al., 2011), which are unrelated to the flg22 epitope. Independent confirmation of
this binding is so far unsuccessful for both CLV3p and Ax21 (Mueller et al., 2012; Segonzac
et al., 2012). Future investigations will be necessary to determine if FLS2 can bind and be
activated by diverse peptides, or if issues with contamination during synthetic peptide
synthesis can explain these disparate results.
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Effector triggered immunity (ETI): domain architecture, subcellular
localization and downstream genetic loci

Intracellular plant immune receptors recognize pathogen effectors inside host cells, leading
to ETI and robust disease resistance. Although PTI and ETI both elicit reactive oxygen
species (ROS) production and defense gene induction, there are major differences in their
strength, duration and timing of activation (Thomma et al., 2011). Definitive ETI markers
are less established than those for PTI, but the programmed cell death hypersensitive
response (HR) is regarded as a hallmark of ETI.

During an incompatible interaction with a bacterial pathogen, a combination of PTI and ETI
will be induced, resulting in arrested pathogen growth. Microarray analyses have highlighted
significant overlap in defense gene induction after perception of PAMPs or effectors
(Navarro et al., 2004). It is possible that ETI is simply an amplification of PTI responses.
Alternatively, some network overlap as well as distinct signaling events may occur in each
system. The extent of overlap between PTI and ETI signaling overlap remains a major
unanswered research question.

Most characterized intracellular ETI receptors belong to a group of structurally similar
Resistance proteins called NLRs with Nucleotide-binding and Leucine-Rich repeat domains,
which recognize effectors from diverse microbial pathogens. NLR receptors can recognize
corresponding pathogen effectors directly or indirectly through effector-mediated
perturbations of NLR interacting proteins (Elmore et al., 2011). Furthermore, these NLRs
belong to the larger STAND (signal transduction ATPases with numerous domains)
superfamily, whose members also include animal NLRs and pro-apoptotic proteins APAF-1
and CED4 (Leipe et al., 2004). NLR domain architecture is conserved between plants and
animals, although animal NLR receptors have greater domain diversity at their N-termini.
Plant NLRs are subdivided into two main groups based on their N-terminus, which contains
either a Toll and interleukin-1-like receptor (TIR) domain or a coiled-coil (CC) domain
(Meyers et al., 2003). Genetic evidence in plants and animals highlights the importance of
an intact P-loop motif that coordinates ATP binding. ATP binding and hydrolysis has only
been demonstrated for two recombinant tomato NLR receptors: I2 recognizing the fungus
Fusarium oxysporum f. sp. lycopersici and Mi recognizing the root knot nematode, potato
aphid, and whitefly (Tameling et al., 2002). Plant NLR immune receptors with mutations
that should inhibit ATP hydrolysis are typically autoactive; whereas NLR P-loop
(GxxxxGKT/S) mutants unable to bind ATP/ADP are inactive (Takken & Goverse, 2012).
NLRs RPM1 and RPS2, recognizing bacterial effectors from Pseudomonas syringae are
consistent with this model, and mutations in the P-loop of either protein render it inactive
(Takken et al., 2006). Thus, the current model of NLR activation indicates that they switch
from an ADP-bound ‘off’ state to an ATP-bound ‘on’ state, resulting in intra- and inter-
molecular changes facilitating downstream signaling (Takken & Goverse, 2012).

Despite their structural conservation, a variety of pre- and post- activation modes exist for
different NLR receptors. Some NLRs dramatically change their oligomerization status in
response to effector perception. Two TIR-NLRs, N from tobacco recognizing tobacco
mosaic virus, and L6 from flax recognizing the fungus Melampsora lini, exist as monomers
pre-activation, but form homo-dimers and higher-order complexes post-activation based on
co-immunoprecipitation analyses (Mestre & Baulcombe, 2006; Bernoux et al., 2011).
However, some NLRs do not change their self-association in response to effector
perception. For example, the Arabidopsis CC-NLR RPS5, recognizing the P. syringae
effector AvrPphB, and the barley MLA10 CC-NLR, recognizing the fungus Blumeria
graminis f. sp. hordei, dimerize both pre- and post-activation (Ade et al., 2007; Maekawa et
al., 2011). Most oligomerization experiments were conducted on NLRs recognizing viral or
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fungal pathogens. However, work with the NLR RPS5 suggests that diverse pre- and post-
activation modes may be broadly applicable. Therefore, the oligomerization status of
activated and resting NLRs cannot be generalized across this family or even by microbial
pathogen type, but rather a diversity of associations can exist. Since the cloning of the first
NLR plant immune receptors in the 1990’s (Salmeron et al., 1996; Jones & Jones, 1997),
some of the most pressing questions in the field are focused on how pathogen components
result in intra- and intermolecular changes in immune receptors, ultimately leading to
disease resistance. Technical advancements enabling purification of full-length NLR
receptors is required in order to decipher their conformational changes between active and
inactive states. Ultimately, structure-based knowledge is likely necessary in order to
efficiently engineer NLRs for broad-spectrum pathogen resistance.

An emerging aspect of NLR function in plant innate immune responses is their ability to act
in concert with other NLRs or as helpers to other NLRs. The Arabidopsis immune receptors
RRS1 and RPS4 are genetically located within a large cluster of NLRs in the Arabidopsis
Ws-0 ecotype (Botella et al., 1997). Both RRS1 and RPS4 cooperate genetically to regulate
defense responses to R. solanacearum carrying the PopP2 effector and the P. syringae pv.
tomato effector AvrRps4 (Narusaka et al., 2009). It is not yet known how this cooperation
works and if there is physical interaction between RRS1 and RPS4. Bacterial titers in rps4/
rrs1 are not as high as those attained in Col-0 with virulent P. syringae, indicating that there
may still be additional NLR(s) or NLR pairs that act to regulate resistance in Ws-0, adding
another layer of complexity. The RRS1/RPS4 dual resistance was also shown to be required
for resistance to the fungal pathogen Colletotrichum higginsianum, demonstrating that
specific NLRs can function generally against many microbial pathogens (Narusaka et al.,
2009). Additionally, multiple members of a subgroup of NLRs lacking the canonical
EDVID motif present in classical CC-NLRs are required for partial or full resistance
imparted by some plant immune receptors. They are termed ‘helper’ NLRs as they are
positioned genetically downstream of activation of the primary immune receptor (Bonardi et
al., 2011). ADR1 is an example of a ‘helper’ NLR which is required for full resistance
mediated through the CC-NLR RPS2, and TIR-NLRs RPP4 and RPP2 in Arabidopsis
(Bonardi et al., 2011) (Fig. 2). Interestingly, they must have a different activation
mechanism than previously characterized NLRs as an intact P-loop has been shown to be
dispensable for function in ADR1 (Bonardi et al., 2011). Helper NLRs like ADR1 could
function via intermolecular interactions with other NLRs or downstream signaling
components. ADR1 functions partially through regulation of salicylic acid accumulation and
also plays a role in execution of basal defenses (Bonardi et al., 2011). These examples
illustrate that NLRs are involved in multiple levels of defense signaling that are not rigidly
pathogen-specific. A greater understanding of NLR cooperative activity will provide a more
complete picture of how defense responses are coordinated downstream of receptor
activation.

There are also a few cases of cloned intracellular plant Resistance genes that do not exhibit
NLR domain architecture. For example, pepper BS3 encodes a flavin monooxygenase that is
sufficient to confer robust disease resistance against the bacterial pathogen Xanthomonas
campestris pv. vesicatoria carrying the effector AvrBs3 (Romer et al., 2007). Another
example of non-NLR resistance is SOBER1, an Arabidopsis phospholipase. Resistance to
the X. campestris effector AvrBsT is characterized by the presence of an HR, and is due to
the sober1 recessive allele (Kirik & Mudgett, 2009). SOBER1 is thought to suppress
Phosphatidic Acid (PA) production by phospholipase D. Increased PA levels have been
correlated with the HR in other NLR-mediated systems, but it is unknown how the PA
signal may result in HR and resistance. Therefore, it is possible that these novel Resistance
genes represent activation of downstream defense related genes, by-passing initial NLR
signaling in a way that is still sufficient for robust resistance.
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Location is everything: sub-cellular partitioning of plant immune responses
Plant immune receptors have diverse subcellular localizations, potentially enabling
surveillance of diverse effector targets. Intracellular NLR receptors can localize to the
plasma membrane, endoplasmic reticulum, chloroplast, nucleus, or cytoplasm. Additionally,
a subset of NLR receptors recognizing viral, fungal, and bacterial pathogens shuttle between
the cytoplasm and nucleus (Fig. 2). Examples of receptors exhibiting nuclear-cytoplasmic
localizations are RPS4, RRS1, Rx, N, and MLA10. RRS1 was the first confirmed NLR to be
described as nuclear localized (Deslandes et al., 2003). As discussed above, RRS1 functions
in concert with RPS4 (Narusaka et al., 2009). RPS4 localizes predominately to the
endomembranes before activation (Wirthmueller et al., 2007), but nuclear localization is
required for immunity (Heidrich et al., 2011). The Enhanced Disease Susceptibility-1
(EDS1) protein is required for TIR-NLR function, including RPS4-mediated defense
responses to AvrRps4. EDS1 exhibits nuclear-cytoplasmic localization, has been shown to
co-immunoprecipitate with both AvrRps4 and RPS4, and it is postulated that RPS4
recognizes the EDS1-AvrRps4 complex (Bhattacharjee et al., 2011; Heidrich et al., 2011).
Using P. syringae carrying AvrRps4 fused to nuclear localization or nuclear export signals,
the role of specific cellular compartments for RPS4-mediated ETI was investigated
(Heidrich et al., 2011). Recognition of nuclear-localized AvrRps4 was sufficient to suppress
bacterial growth, but recognition in the cytoplasm was necessary for the HR (Fig. 2).
Furthermore, the coordination of nuclear and cytoplasmic pools was necessary for robust
HR and sustained transcriptional reprogramming (Heidrich et al., 2011) (Fig. 2).

Nuclear-cytoplasmic shuttling has also been demonstrated for NLRs recognizing other
pathogen types. MLA10’s cytoplasmic pool is required for the HR, whereas its nuclear pool
allows association with WRKY transcription factors leading cellular reprogramming for
defense (Shen et al., 2007; Bai et al., 2012). Similarly, the potato CC-NLR Rx requires both
nuclear and cytoplasmic localization for establishment of both HR and transcriptional
reprogramming (Slootweg et al., 2010; Tameling et al., 2010). Thus, nuclear-cytoplasmic
partitioning is often important for defense signaling, with different defense outputs
segregated in different subcellular compartments (Fig. 2). Future research investigating the
composition of these signaling platforms, their relative contributions to disease resistance,
and if the partitioning threshold also acts as a trigger for defenses will provide a more
complete understanding of immune signaling.

Not all NLRs undergo dynamic re-localization in response to pathogen perception. RPM1, a
CC-NLR that recognizes the P. syringae effectors AvrB and AvrRpm1 (Grant et al., 1995),
localizes to the plasma membrane (Boyes et al., 1998). Furthermore, RPM1 engineered to be
constitutively tethered to the plasma membrane was found to still elicit an HR, indicating
that re-localization to the nucleus is likely not required for RPM1-mediated defense
responses (Gao et al., 2011) (Fig. 2). Undoubtedly, future investigations will focus on
identifying signaling components that link NLRs at the membrane to activation of WRKY
transcription factors or transcriptional machinery in the nucleus.

Genetic loci required for effector-triggered immunity (ETI)
Many genetic screens have been conducted to identify loci important for ETI as well as PTI.
However, relatively few genes have been identified that are absolutely required for immune
recognition aside from the receptors themselves or loci that are required for receptor
biogenesis and/or subcellular localization. Of the few genes that have been identified, those
having a strong effect on ETI include the conserved chaperone complex controlling aspects
of receptor folding, stability, and activation. This chaperone complex consists of Heat Shock
Protein 90 (HSP90), the Suppressor of the G2 allele of SKIP1 (SGT1) and required for
MLA12 Resistance (RAR1) (Takken & Goverse, 2012). Genetic screens have also identified
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genes differentially required for CC or TIR NLR-mediated responses. As mentioned above,
EDS1 is required for TIR-NLR defenses (Parker et al., 1996), while Non-Race Specific
Disease Resistance-1 (NDR1) is required for defense mediated by multiple, but not all, CC-
NLRs (Century et al., 1997). Other genes that have been uncovered primarily exhibit
intermediate phenotypes, indicating that ETI requires the action of many downstream genes
with minor effects, elicits a relatively short signaling network, or additional core
components of immune signaling are essential for plant survival.

Systemic acquired resistance: a long-lasting broad spectrum immune
response

A crucial aspect of plant immune responses is the ability to ward off subsequent pathogen
attack. Activation of ETI induces Systemic Acquired Resistance (SAR) in leaves distal to
the inoculation site, conferring broad spectrum resistance against biotrophic pathogens. SAR
relies on the local accumulation of the plant hormone salicylic acid, which is regulated by
small diffusible signals originating from the point of infection.

The search for pathogen-inducible mobile signals is ongoing, with several different signals
identified to date. Methyl salicylate was the first mobile signal to be fully described, and is
essential in triggering SAR in tobacco (reviewed in (Spoel & Dong, 2012)). However,
several other mobile signals have been uncovered in Arabidopsis. Recently, the non-protein
amino acid pipecolic acid, was shown to be involved in defense amplification and priming
during SAR (Návarová et al., 2012). Additional SAR inducers include lipid-based signals
derived from the apoplastic lipid-transfer protein DIR1 (Defective in Induced Resistance 1),
azelaic acid, and glycerol-3-phosphate (Spoel & Dong, 2012). Interestingly, DIR1 is only
required for systemic resistance and cooperatively functions with other mobile signals. For
example, DIR1 activity is required for resistance induced by exogenously applied azelaic
acid, and glycerol-3-phosphate requires DIR1 for mobile signal transduction (Chanda et al.,
2011). One way to explain these findings is that different hormone and lipid-based mobile
SAR signals may function cooperatively, potentially allowing for more specialized
responses.

The presence of SAR signals in distal tissues triggers the accumulation of SA resulting in
defense gene expression. SA-induced transcriptional reprogramming requires the
transcription co-factor NPR1 (non-expressor of pathogenesis-related gene 1) in distally
activated tissues to regulate the differential expression of over 2,000 genes, including
pathogenesis related genes (reviewed in Spoel & Dong, 2012). NPR1 is a redox-sensitive
protein, existing as an oligomer in the absence of SAR. In a reducing environment, NPR1’s
disulfide bonds are reduced, enabling NPR1 monomers to enter into the nucleus. NPR1 is
also post-transcriptionally regulated by the proteasome. Upon immune activation, NPR1’s
phosphodegredon motif is phosphorylated, resulting in ubiquitination through association
with Cullin 3, a scaffold for the E3 ligase complex. Ubiquitinated NPR1 is subsequently
degraded by the proteasome (Spoel et al., 2009). Based on these results, the current model
suggests that NPR1 may interact with transcription factors to recruit transcriptional
machinery to the promoters of target genes. NPR1 phosphorylation could occur after
transcriptional initiation, resulting in degradation and enabling fresh active NPR1 to recruit
another round of gene expression (Fig. 3).

The link between NPR1 activation and SA accumulation has long remained elusive.
Recently, progress in understanding NPR1-mediated transcriptional reprogramming has
been made via the identification of multiple SA receptors (Fu et al., 2012; Wu et al., 2012).
Recombinant NPR3 and NPR4, paralogs of NPR1, strongly bind SA (Fu et al., 2012).
Genetic and biochemical analyses provide evidence that NPR3 and 4 act as adapter proteins
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for Cullin 3 to mediate the degradation of NPR1 (Fig. 3). Interestingly, in contrast to the
npr1 mutant which is compromised in basal resistance, the npr3/npr4 mutant exhibits
enhanced disease resistance to virulent bacteria. However, the npr3/npr4 mutant is not able
to elicit SAR in response to inoculation with the avirulent pathogen P. syringae pv.
maculicola expressing AvrRpt2 and is also partially compromised in ETI (Fu et al., 2012).
This suggests that while NPR 3 and 4 are required for SA-defense pathways, other NPR1-
mediated defense responses are still functional in the npr3/npr4 double mutant. Evidence
supporting NPR1 as the SA receptor has also recently been published (Wu et al., 2012).
Using a metal ion affinity column, the transition metal copper was required for NPR1
binding to SA (Wu et al., 2012). Side-by-side comparisons of binding affinities for all NPR
proteins in the presence of a transition metal will shed light to their relative affinities for SA.
Future research investigating how NPR1 and its paralogs dynamically associate in response
to SA perception in planta is important for a clearer picture of SAR induction.

Epigenetics and transgenerational resistance
Not only can plants achieve immunity within their own lifetime, but pathogen recognition
results in epigenetic modifications leading to immune priming in subsequent generations.
Treatment of Arabidopsis with the SAR inducer β–amino-butyric acid (BABA), as well as
virulent or avirulent strains of P. syringae pv. tomato, led to their progeny displaying
enhanced disease resistance, with faster and stronger expression of SA-dependent defense-
related genes (Luna et al., 2012; Slaughter et al., 2012). Progeny from primed plants also
exhibited enhanced resistance to the biotrophic oomycete Hyaloperonospora arabidopsidis
(Slaughter et al., 2012). This phenotype lasted for one stress-free generation with enhanced
penetrance occurring after pathogen treatments in subsequent generations (Slaughter et al.,
2012). Transgenerational resistance was blocked in the npr1 mutant (Luna et al., 2012),
highlighting the importance of NPR1 in this process.

Epigenetic modifications such as DNA methylation and chromatin remodeling are
implicated in the regulation of transgenerational resistance. Somatic homologous
recombination was also reported to be involved in regulation of transgenerational stress
memory (Molinier et al., 2006). Here, flg22 or ultraviolet-C treated Arabidopsis plants
displayed increased somatic homologous recombination both in parental lines and in up to
four subsequent generations (Molinier et al., 2006). Future studies focusing on elucidating
molecular details of how plants pass their immune memories or experiences to subsequent
generations will result in important mechanistic discoveries that could be exploited for
disease control.

Conclusions and future directions
The field of plant microbe biology has made dramatic progress in understanding plant
immune function since the cloning of the first immune receptors in the 1990’s. Multiple PTI
receptors have been identified from different plant species. A detailed understanding of how
a subset of these PTI receptors are activated as well as the induction of key immune markers
has emerged, highlighting conservation in immune signaling upon perception of microbial
patterns from diverse pathogens. Furthermore, many NLR immune receptors and their
corresponding pathogen effectors have been identified. Additional layers of complexity
upon NLR activation have emerged, highlighting diverse subcellular localizations,
cooperativity, and their complexities in downstream defense signaling. Despite this progress,
many questions still remain. What are the signaling proteins immediately downstream of
immune receptor activation? How can NLRs with disparate subcellular localizations elicit
ETI and the hypersensitive response? What are the biochemical and structural changes in
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immune receptors that occur upon pathogen perception? Answers to these and other pressing
questions will undoubtedly keep the field busy for years to come.
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Fig. 1.
FLS2 mediated flagellin perception and signaling. In the absence of flagellin perception, the
FLS2 receptor associates with receptor-like cytoplasmic kinases (PBLs), including BIK1.
FLS2’s co-receptor BAK1 associates with the E3 ligases PUB12/13. Upon perception of
flagellin or the flg22 epitope, FLS2 heterodimerizes with BAK1, BAK1 phosphorylates
BIK1 and PUB12/13, and BIK1 transphosphorylates both FLS2 and BAK1. BIK1 then
disassociates from FLS2. Flagellin perception leads to the activation of MAP kinase
signaling and defense gene expression as well as a burst of reactive oxygen species via the
NADPH oxidase RBOHD. FLS2 activation is tightly controlled by PUB12/13, which after
phosphorylation by BAK1, initiates ubiquitination and subsequent degradation of activated
FLS2. The FLS2 receptor is also endocyosed in both activated and resting states. FLS2 is
recycled in early endosomes (EE) in its resting state independently of BAK1. Activated
FLS2 is endocytosed in a BAK1 dependent manner, first accumulating in early endosomes
(EE), then in late endosomes (LE).
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Fig. 2.
Subcellular partitioning of NLR-mediated plant immune responses. (a) RPS4 and RRS1
mediate activation of plant immune responses against Pseudomonas and Ralstonia bacterial
pathogens carrying the cognate effectors AvrRps4 and PopP2. RPS4 is a TIR-NLR which
predominately localizes to endomembranes in a resting state and upon activation undergoes
shuttling between the cytoplasm and nucleus. Nuclear localization is required for RPS4-
mediated transcriptional reprogramming, while recognition in the cytoplasm is required for
the HR. However, however robust HR and sustained transcriptional reprogramming requires
coordination between nuclear and cytoplasmic pools of activated RPS4. RRS1 exhibits
novel domain architecture, with a TIR-NLR fused to a C-terminal WRKY domain. WRKY
domains are found in multiple plant transcription factors required for innate immune
reprogramming. RRS1 is nuclear localized, presumably where its WRKY domain acts as a
transcriptional regulator upon recognition of PopP2, leading to the transcription of defense
related genes. (b) RPS2 and RPM1, two CC-NLRs that recognize Pseudomonas effectors
AvrRpt2, and AvrRpm1/ AvrB respectively, reside at the plasma membrane. RPM1’s
subcellular localization does not change in response to activation. Thus, dynamic re-
localization of plant immune receptors between cellular compartments is not necessary for
all NLRs. RPS2 downstream signaling also requires the ‘helper’ NLR ADR1, which may
interface with components relaying the activation of defense responses in other subcellular
compartments.
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Fig. 3.
Model of salicylic acid perception and subsequent transcriptional reprogramming. Mobile
Systemic Acquired Resistance (SAR) signals trigger the accumulation of Salicylic Acid
(SA) in systemic leaves distal to the inoculation site. NPR1 is a master regulator of SAR.
NPR1 is sequestered in the cytoplasm as an oligomeric complex in unchallenged plants. SA
accumulation leads to an increase in cellular reduction potential, enabling NPR1 reduction
from oligomeric to monomeric status. Monomeric NPR1 then enters the nucleus where it
acts as a transcriptional co-factor, facilitating differential expression of thousands of genes.
NPR1 may interact with transcription factors to help recruit the initiation complex (I.C.) and
RNA Polymerase II (Pol) to the promoters of target genes. NPR1 is phosphorylated at its
phosphodegron motif, resulting in ubiquitination through its association with Cullin 3
(CUL3), a scaffold for the E3 ligase complex, and subsequent degradation by the
proteasome (Pro). The SA receptors NPR3 and NPR4 help facilitate NPR1 degradation.
NPR3 interacts with NPR1 and CUL3, while NPR4 interacts with NPR3, CUL3 and SA.
These interactions lead to CUL3 mediated ubiquitination of NPR1, targeting it for
degradation by the proteasome (Pro). Proteasome degradation of NPR1 may then free
promoters once again for fresh NPR1 to recruit transcriptional machinery.
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