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Summary

Many Gram-negative bacterial pathogens of plants
and animals are dependent on a type lll protein
secretion system (TTSS). TTSSs translocate effector
proteins into host cells and are capable of modifying
signal transduction pathways. The innate immune
system of eukaryotes detects the presence of patho-
gens using specific pathogen recognition receptors
(PRRs). Plant PRRs include the FLS2 receptor kinase
and resistance proteins. Animal PRRs include Toll-
like receptors and nucleotide-binding oligomeriza-
tion domain proteins. PRRs initiate signal transduc-
tion pathways that include mitogen-activated protein
kinase (MAPK) cascades that activate defence-
related transcription factors. This results in induction
of proinflammatory cytokines in animals, and hall-
marks of defence in plants including the hypersensi-
tive response, callose deposition and the production
of pathogenesis-related proteins. Several type |l
effectors from animal and plant pathogens have
evolved to counteract innate immunity. For example,
the Yersinia Yopd/P cysteine protease and the
Pseudomonas syringae HopPtoD2 protein tyrosine
phosphatase inhibits defence-related MAPK kinase
activity in animals and plants respectively. Thus, type
lll effectors can suppress signal transduction path-
ways activated by PRR surveillance systems. Under-
standing targets and activities of type Ill effectors
will reveal much about bacterial pathogenicity and
the innate immune system in plants and animals.
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Introduction

A number of Gram-negative bacterial plant and animal
pathogens depend on type Ill secretion systems (TTSSs)
to inject virulence effector proteins into host cells (Hueck,
1998; Galdan and Collmer, 1999). These pathogens
include the animal pathogens Yersinia spp., Salmonella
typhimurium, Shigella flexneri, Escherichia coli and
Pseudomonas aeruginosa and the plant pathogens
Pseudomonas syringae, Erwinia amylovora, Xanthomo-
nas campestris and Ralstonia solanacearum. The dis-
eases they cause run the whole gamut from Black Death
in humans (i.e. the bubonic plague) caused by Yersinia
pestis to fire blight of pear and apple caused by E. amy-
lovora (Alfano and Collmer, 1996; Cornelis, 2000). More-
over, TTSSs have also been recently identified in insect
pathogens and eukaryotic-associated bacteria (Dale
et al., 2001; Marie et al., 2001). Certain animal pathogens
have two distinct TTSSs (three if the flagellar TTSS is
included), whereas plant pathogens, excluding the flagel-
lar TTSS, appear to have one (Shea et al., 1996; Haller
et al., 2000).

The TTSSs and the proteins they secrete have been
given a variety of names depending on the species of
origin. For example, the well-characterized TTSS from
Yersinia spp. is called the Ysc system (Yop secretion)
and the effector proteins it secretes are Yops (Yersinia
outer protein). In plant pathogens the TTSS is called the
Hrp (hypersensitive response and pathogenicity) system
because the original mutants lost the ability to elicit the
hypersensitive response (HR) (Lam et al., 2001), a pro-
grammed cell death (PCD) associated with plant
defence, as well as their pathogenic ability. We now
know these original mutants that displayed Hrp pheno-
types were defective in components of the Hrp TTSS
apparatus (Alfano and Collmer, 1997). The proteins
secreted by Hrp TTSSs have been given a variety of
names including Hop (for Hrp outer protein), Xop
(Xanthomonas outer protein), Pop (Pseudomonas outer
protein, which actually are R. solanacearum proteins
based on its earlier genus name) and Avr (for aviru-
lence) because several of these were originally identified
based on their property of limiting the host range of the
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pathogen (Alfano and Collmer, 1997; Bonas and Lahaye,
2002).

The activities of many of the TTSS effectors have been
well characterized in animal pathogens where the majority
of them co-opt the host cytoskeleton by either inhibiting
or promoting actin polymerization to block or induce
phagocytosis by host cells (Cornelis, 2002a; Cossart and
Sansonetti, 2004). The TTSS effectors accomplish this by
modulating the signal transduction pathways controlling
actin polymerization in host cells. There are excellent
reviews describing the activities of animal type Il effectors
(Cornelis, 2002b; Holden, 2002; Zaharik et al., 2002).
Plant pathogen effectors are less understood. However,
this outlook has improved with the recent identification of
many effectors from plant pathogens (mostly from P, syrin-
gae), providing additional insights into their potential activ-
ities (Collmer et al., 2002; Guttman et al., 2002; Petnicki-
Ocwieja etal, 2002; Greenberg and Vinatzer, 2003;
Chang et al., 2004). The large increase in the effector
inventory has been spurred by genomic investigations and
similar studies on other TTSS-containing plant pathogens
suggest that the effector list for these microbes will be
considerable as well (Salanoubat et al., 2002; da Silva
et al., 2002; Buttner et al., 2003). What are these effectors
doing inside the plant cell to favour pathogenesis? As we
describe below several P. syringae effectors have been
shown to suppress plant defence responses. Interestingly,
several effectors from animal pathogens also suppress
the innate immune system in mammals. Thus, an emerg-
ing role of type Il effectors appears to be suppression of
eukaryotic innate immunity.

One of the primary goals of this review is to highlight
the plant pathogen effectors that suppress plant defences
and compare them with animal pathogen effectors that act
in similar ways. Plant defences have been categorized
differently based on how the resistance is manifested and
a brief introduction to some of these terms is warranted.
Induced defences that successfully stop non-pathogenic
bacteria (along with premade defences, which are not
discussed here) from growing in the intercellular spaces
of plants have been referred to as basal defences, local-
ized induced resistance or innate immunity (Nurnberger
et al., 2004). In addition, plants can protect themselves
against pathogens that cause diseases in other plant spe-
cies, referred to as non-host resistance (Heath, 2000;
Thordal-Christensen, 2003). Finally, specific cultivars or
lines of a given plant species can be resistant to specific
races or strains of a pathogenic microorganism. These
defences are referred to as cultivar-specific or gene-for-
gene resistance because they result from the presence of
Avr signals in the pathogen, which are recognized by
resistance (R) proteins in the host plant (Flor, 1971; Keen,
1990). As described below, most of the bacterial Avr sig-
nals are type lll effectors, which are recognized inside the

plant cell by R protein-mediated defence pathways. Here,
we will use the terms basal resistance, non-host resis-
tance and cultivar-specific resistance to refer to the differ-
ent types of plant resistances. Collectively, we will refer to
them as the plant innate immune system because they
seem to be different layers of the same defence system
and have similarities to innate immunity in animals.

The innate immune systems of plants, mammals and
insects are dependent on a hardwired sensor-based sur-
veillance system that recognizes indicators of infection by
microorganisms (Imler and Hoffmann, 2001; Nurnberger
etal,, 2004). Thus, to succeed as pathogens bacteria
must first disable these defences before they gain access
to their biochemical loot — the nutrients available in the
host. This review will focus primarily on the recent findings
that indicate plant pathogens use TTSS effectors to cir-
cumvent plant innate immunity. Because TTSS effectors
from animal pathogens are also capable of suppressing
innate immunity, we will compare these effectors with their
plant pathogen counterparts. First, we introduce some of
the salient features of the innate immune systems in both
plants and animals that constitute the ‘alarm’ sensors that
trigger host defence responses against bacteria.

Tripping the switch: pathogen-associated molecular
patterns (PAMPSs), general elicitors and Avr proteins
activate innate immunity

Plants induce basal defence responses upon sensing
conserved molecules produced by microorganisms
(Boller, 1995). These include chitin (Felix et al., 1993) and
ergosterol (Granado etal, 1995) from fungi and
lipopolysaccharide (LPS) (Dow et al., 2000), cold shock
protein (Felix and Boller, 2003), and flagellin from bacteria
(Gomez-Gomez and Boller, 2002). These molecules have
been referred to as general elicitors, but they are concep-
tually equivalent to pathogen-associated molecular
patterns (PAMPs), molecules present in microbes that
are recognized by the innate immune system in animals
(Boller, 1995; Medzhitov and Janeway, 1997). PAMPs are
recognized in animals by specific host pattern recognition
receptors (PRRs), which include the Toll-like receptors
(TLRs) and nucleotide binding oligomerization domain
(NOD) proteins (Medzhitov, 2001; Inohara and Nunez,
2003). TLRs generally sense extracellular PAMPs,
whereas NODs recognize PAMPS intracellularly (Girardin
etal., 2002).

A similar dichotomy is seen with plant recognition pro-
teins. A plant receptor-like kinase (RLK), FLS2, recog-
nizes bacterial flagellin from the outside of plant cells,
whereas R proteins recognize bacterial Avr proteins intra-
cellularly. The similarities between these proteins and ani-
mal TLRs and NODs have been described (Dangl and
Jones, 2001; Medzhitov, 2001; Nurnberger and Brunner,
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2002; Inohara and Nunez, 2003; Jones and Takemoto,
2004; Nurnberger et al., 2004) and here, we group plant
proteins that sense either PAMPs or Avr proteins together
with animal proteins that sense PAMPs as PRRs (Fig. 1).
FLS2 is a plant PRR that recognizes flagellin PAMP
(Gomez-Gomez and Boller, 2000). Bacterial molecules
other than flagellin induce similar basal defences, sug-
gesting that other plant PRRs might recognize additional
bacterial PAMPs. Moreover, bacterial extracts without elic-
itor-active flagellin induce basal resistance in Arabidopsis
implying that plants can recognize other bacterial PAMPs
(Zipfel et al., 2004). Arabidopsis possesses 173 RLKs that
contain predicted extracellular domains and 10 candidate
RLKs are grouped phylogenetically with FLS2 (Shiu and
Bleecker, 2003). Thus, at least a subset of these may
encode PRRs. However, RLKs also play a prominent role
in plant development and hormone perception (Torii,
2000).

FLS2 has a predicted extracellular leucine-rich repeat
(LRR) domain which is probably involved in protein—
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Fig. 1. Representative mammalian and plant pattern recognition
receptors that recognize bacterial molecules. In mammals, TLR2
recognizes several different microbial PAMPs including diacyl and
triacyl lipopeptides with the assistance of TLR1 and TLR6, respec-
tively, which are not shown (Takeda and Akira, 2003). TLR4 recog-
nizes the lipopolysaccaride component of the outer membrane of
Gram-negative bacteria in conjunction with CD14 (not shown). TLR5
recognizes bacterial flagellin and TLR9 recognizes bacterial CpG
DNA.NOD1 and NOD2 both recognize components of peptidoglycan.
NOD1 recognizes N-acetylglucosamine-N-acetylmuramic acid
(G-M) with a tripeptide containing mesodiaminopimelate as the ter-
minal amino acid, which is found mainly in Gram-negative bacteria
(Chamaillard et al., 2003). NOD2 recognizes G-M dipeptide, which is
found in all bacteria containing peptidoglycan. In plants, FLS2 recog-
nizes flagellin, receptor kinases such as NFR1 recognize carbohy-
drate NOD factors from rhizobia, and the Xa21 receptor kinase
recognizes AvrXa21, an undefined Avr signal. Representative R pro-
teins that recognize different Avr proteins are shown (see text for
details). LPS, lipopolysaccharide; LRR, leucine-rich repeats; TIR, toll
and IL-receptor; PK, serine/threonine protein kinase; LysM, lysin
motif; NOD/NBS, nucleotide-binding oligomerization domain/
nucleotide-binding site; CARD, amino terminal caspase recruitment
effector domain; CC, coiled-coil; WRKY, tryptophan-arginine-lysine-
tyrosine domain. This figure was modified from Jones and Takemoto
(2004) and Takeda and Akira (2003).
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protein interactions (Kobe and Kajava, 2001) (see Fig. 1).
LRR domains are present in plant R proteins as well as
in Toll, TLRs and NOD proteins from insects and mam-
mals. Another key domain of FLS2 is a Ser/Thr kinase
domain, which transduces the PAMP signal to the cyto-
plasm (Gomez-Gomez et al., 2001). Similar to FLS2, the
rice R protein Xa21 possesses an extracellular LRR
domain and a cytoplasmic Ser/Thr kinase domain (Fig. 1)
(Song et al., 1995). Xa21 confers resistance from the bac-
terial plant pathogen Xanthomonas oryzae pv. oryzae
race 6. This is interesting because known bacterial Avr
proteins are recognized inside plant cells by cytoplasmic
R proteins. While the Avr determinant, AvrXa21, which is
recognized by Xa21 has yet to be identified, X. o. oryzae
mutants lacking AvrXa21 activity are defective in sulphur
assimilation hinting that Xa21 recognizes a sulphated
molecule (Shen etal, 2002). Moreover, X. o. oryzae
genes required for AvrXa21 avirulence are similar to
Sinorhizobium meliloti nodulation genes needed for sul-
phate decoration of carbohydrate Nod factors. Legume
RLKs involved in recognition of rhizobia Nod factors have
been identified (Limpens et al., 2003; Madsen et al., 2003;
Radutoiu et al., 2003) and they possess a cytoplasmic
kinase domain similar to FLS2 and Xa21 (Fig. 1). How-
ever, instead of LRR domains they have LysM domains,
which are thought to interact with carbohydrates (Spaink,
2004). The similarities between FLS2 and Xa21 suggest
AvrXa21 may be more similar to a PAMP than an Avr
protein, which blurs the distinction between what consti-
tutes a PAMP and an Avr.

Plant R proteins that perceive bacterial Avr proteins
can be categorized into four different classes (Fig. 1).
The largest, referred to as CC-NBS-LRR R proteins,
have a N-terminal coiled-coil (CC) domain, a central
nucleotide binding site (NBS) domain (equivalent to NOD
domains in animal PRRs) and a C-terminal LRR domain
(Dangl and Jones, 2001; Jones and Takemoto, 2004). A
second class, TIR-NBS-LRR, possesses a different N-
terminal domain, TIR (for Toll and IL-1 receptor) instead
of a CC domain. Only one member of this class is known
to recognize a bacterial Avr, AvrRps4 (Gassmann et al.,
1999), and several other members recognize fungal and
viral Avr proteins (Nimchuk et al., 2003). A third type of
NBS-LRR R protein, RRS1, is a TIR-NBS-LRR R protein
that has a C-terminal tryptophan-arginine-lysine-tyrosine
(WRKY) domain. WRKY domains are predicted to act as
transcription factors (Eulgem etal, 2000; Deslandes
et al., 2002). Another R protein is the tomato Pto protein,
which is a Ser/Thr protein kinase required for the recog-
nition of the P, syringae Avr proteins AvrPto and AvrPtoB
(Pedley and Martin, 2003). Pto is not an NBS-LRR type
R protein. However, Pto is dependent on Prf, a CC-NBS-
LRR type R protein, for recognition of Avr proteins. Thus,
Pto is not a ‘classic’ PRR like FLS2 and NBS-LRR R
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proteins. Thus far, all the R proteins that recognize iden-
tified bacterial Avr proteins are located inside the plant
cell with several of them localized to the plant plasma
membrane (Boyes etal, 1998; Nimchuk et al., 2001).
RRS1 is unusual because it becomes nuclear-localized
only in the presence of its cognate Avr protein, PopP2,
which contains nuclear localization signals (Deslandes
et al., 2003). The long standing model for how R proteins
recognize their cognate Avr proteins is by directly inter-
acting with them (Gabriel and Rolfe, 1990). However,
recent evidence, at least for specific bacterial Avr pro-
teins, supports another model called the guard hypothe-
sis, in which R proteins sense an Avr protein indirectly by
detecting its enzymatic activity (Schneider, 2002; Innes,
2004). Because the activities of the majority of plant
pathogen effectors are unknown, it remains possible that
some are not enzymes. Thus, some bacterial Avr
proteins may still be recognized directly by their cognate
R proteins.

Letting out the dogs: outputs of innate immunity

Signal transduction pathways are triggered once animal
or plant PRRs perceive PAMPs or Avr proteins and
defence-related outputs are deployed. The signal trans-
duction components acting downstream of Avr protein
recognition have been recently reviewed (Martin et al.,
2003; Nimchuk et al., 2003). Many of these are dependent
on salicylic acid (SA) and are also important in systemic
acquired resistance (SAR) (Durrant and Dong, 2004), a
form of resistance that is triggered in plants away from the
local site of infection. The emerging picture is that a com-
plex signal network is triggered upon perception of an Avr
protein. One distinction that can be made is that CC-NBS-
LRR R proteins are dependent on NDR1 (Century et al.,
1997), whereas TIR-NBS-LRR R proteins are dependent
on EDS1 (Aarts et al.,, 1998; Falk et al., 1999).

Another plant protein known to play a prominent role in
R protein-mediated defence pathways is NPR1/NIM1,
which was first identified for its role in SAR (Cao et al.,
1994; Delaney et al., 1995). NPR1 interacts with several
members of the TGA family of basic leucine zipper tran-
scription factors, is nuclear-localized when activated and
is a positive regulator of defence genes (Durrant and
Dong, 2004). NPR1 shares some similarity with IkB, a
negative regulator of the NF-«B transcription factor utilized
in signal transduction pathways in animals (Ryals et al.,
1997). The key role that NPR1 plays in local resistance is
highlighted by the fact that overexpression of NPR1 in
Arabidopsis enhances resistance to P syringae, the
oomycete Peronospora parasitica, and fungus Erysiphe
cichoracearum (Friedrich et al. 2001; Cao etal., 1998)
and in rice conferred enhanced resistance to X. o. oryzae
(Chern et al., 2001). As NPR1 activation requires SA, this

emphasizes the importance of SA-dependent defences at
infection sites.

Components of signal transduction pathways operating
downstream of PAMP perception in both plants and ani-
mals are not well understood. However, there are common
features shared by both, which have been noted (Cohn
et al., 2001; Nurnberger and Brunner, 2002; Holt et al.,
2003; Nurnberger et al.,, 2004). For example, mitogen-
activated protein kinase (MAPK) cascades are activated
in plants and animals after PAMP perception (Nurnberger
et al., 2004). In both hosts, transcription factors are acti-
vated after activation of MAPK — the NF-kB transcription
factor in animals and WRKY transcription factors in plants
are good examples (Lee et al., 1997; Asai et al., 2002;
Kim and Zhang, 2004; Zipfel et al., 2004). In plants, MAPK
pathways appear to be points of convergence between
multiple elicitors of plant defence including PAMPs and
Avr proteins. For example in tobacco, the MAPKs SIPK
(salicylate-inducible protein kinase) and WIPK (wound-
inducible protein kinase) are activated by fungal, viral and
bacterial elicitors (Zhang and Klessig, 2001). Silencing of
a tobacco MAPK kinase kinase (MAPKKK), NPK1, stops
the plant from responding to several Avr proteins, includ-
ing the X. c. vesicatoria Avr protein AvrBs2, consistent
with a requirement of MAPK cascades in these R protein-
mediated responses (Jin et al., 2002). A MAPKKK that
acts upstream of SIPK in Nicotiana benthamiana and
tomato, MAPKKKo, has recently been identified. This
MAPKKK is triggered by different elicitors including AvrPto
(del Pozo et al., 2004). A complete MAPK cascade [MKK1
(MAPKKK), MKK4/5 (MAPK kinases) and MPK3/6
(MAPKs)] has been identified in Arabidopsis. Among
these, MPK®6, a SIPK MAPK orthologue, is activated by
the flagellin PAMP (Asai et al., 2002; Nuhse et al., 2000).
Interestingly, this MAPK cascade results in the activation
of several WRKY transcription factors and at least one of
these factors protects Arabidopsis from fungal and bacte-
rial infections (Asai etal., 2002; Navarro etal., 2004;
Zipfel et al., 2004).

There is much overlap between the outputs of both
PAMP-triggered and Auvr-triggered signal transduction
pathways in plants. Some of these physiological
responses include generation of reactive oxygen species
(ROS) and nitric oxide (NO), changes in cytoplasmic Ca?*
levels, production of pathogen-related gene expression,
phytoalexin production and callose deposition in the cell
wall (Heath, 2000; Dangl and Jones, 2001; Gomez-
Gomez and Boller, 2002; Jones and Takemoto, 2004).
Among the more dramatic defence responses triggered is
the aforementioned HR, more frequently associated with
non-host and cultivar-specific resistance than with basal
resistance. Even though we know many of the outputs of
a successful defence response, it remains unclear which
outputs are effective against bacteria. The failure of
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PAMPs to trigger an HR may be more of a threshold effect
than differences in signal transduction as most of the other
responses are shared between cultivar-specific and basal
resistances. Supporting this, the non-specific oxidative
burst triggered by both saprophytes and pathogens is less
substantial than the one that is specifically induced by the
presence of Avr proteins (Baker and Orlandi, 1995).

Clearly, a better understanding of the differences in R
protein pathways and PAMP-triggered pathways is
needed. Currently, one way to separate plant defence
outputs is to test whether the output in question is depen-
dent on SA. This can be easily done by determining
whether the response is produced in Arabidopsis mutant
plants impaired in SA biosynthesis (Wildermuth et al.,
2001). Alternatively, nahG plants could be utilized to test
whether a plant response is dependent on SA. These
plants carry the P, putida nahG gene that encodes salicy-
late hydroxylase (Gaffney et al, 1993), an enzyme that
degrades SA, which is generally required for R protein-
dependent defences (Dangl and Jones, 2001; Bonas and
Lahaye, 2002). Nevertheless, experiments using nahG
plants should be interpreted with caution because a
recent report suggests that the loss of non-host resistance
to P syringae by nahG-containing Arabidopsis plants
results from SA degradation products and not from the
inhibition of SA-dependent defences (van Wees and Gla-
zebrook, 2003).

In animals, PAMPs are recognized by TLRs and NOD
PRRs, which activate signalling pathways that induce
innate proinflammatory responses (Barton and Medzhitov,
2003; Inohara and Nunez, 2003). Several of these
responses, once over a threshold, will activate the adap-
tive immune system in animals. Identifying signal trans-
duction components downstream of animal PRRs is an
active area of research (Barton and Medzhitov, 2004). All
known TLRs utilize MyD88 TIR-domain adaptor proteins.
Recently, certain TLRs have been shown to utilize other
TIR-domain-containing adaptor proteins called Trif (or
TICAM-1) (Yamamoto et al, 2003) and TIRAP (Horng
etal., 2002). MyD88 recruits members of the IL-1
receptor-associated kinases IRAK-1 and IRAK-4 (Takeda
et al., 2003). The plant R protein Pto shares some simi-
larities with IRAKs and Pelle, a kinase involved in innate
immunity in Drosophilia highlighting another similarity in
plant and animal innate immunity (Cohn etal., 2001).
After IRAK is activated by phosphorylation, it associates
with TRAF6, an ES ligase, which in turn activates MAP
kinases. This kinase cascade results in the activation of
both the Ap-1 and NF-kB transcription factors, which acti-
vate a large number of proinflammatory genes (Pasare
and Medzhitov, 2003; Takeda et al., 2003).

Signalling pathways acting downstream of NOD PRRs
are less understood than TLRs probably because they
have only recently been associated with PAMP percep-
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tion. However, activation of both NOD1 and NOD2 results
in NF-xB and caspase activation (Inohara and Nunez,
2003). In addition, both also associate with RICK (also
known as RIP2), a CARD-containing protein kinase, which
in turn associates with NEMO, a regulatory subunit of the
IKK complex (Carneiro et al., 2004). Ultimately, triggering
NOD1 and NOD2 results in the secretion of cytokines
(e.g. IL-8) from antigen-presenting cells and the expres-
sion of other costimulatory molecules that activate anti-
gen-specific effector T cells of the adaptive immune
system (Inohara and Nunez, 2003).

A myriad of responses occur after triggering either ani-
mal or plant PRRs. The identification of these responses
has been greatly facilitated by mRNA expression profiling
after exposure to a PAMP or pathogen. For example, Tao
et al. (2003) profiled the changes in mRNA expression in
Arabidopsis infected with a virulent P, syringae strain ver-
sus P, syringae strains containing Avr proteins recognized
by R protein PRRs present in the test plant. The presence
of specific Avr proteins in P, syringae (i.e. making P, syrin-
gae avirulent) produced a similar mRNA pattern as the
virulent pathogen except that the expression of defence
genes was earlier and increased. This supports the
hypothesis that bacterial plant pathogens have strategies
to successfully delay and/or suppress defence responses.
Recent gene profiling experiments found that many genes
are activated upon challenging Arabidopsis plants with
flagellin (Navarro et al., 2004; Zipfel et al., 2004). These
experiments revealed important observations and new
directions for experimentation. One particularly interesting
result is that the recognition of flagellin by FLS2 induces
the expression of many other RLKs suggesting that rec-
ognition of the flagellin PAMP potentiates the plant to
recognize other PAMPs. Studies such as these should
continue to reveal the global changes that occur upon
PAMP recognition.

Disabling surveillance: type Il effectors that act as
suppressors of innate immunity

Given the elaborate surveillance strategies plants and
animals use to defend against microorganisms, it is not
surprising that microorganisms have countered with their
own strategies to thwart their hosts. It has become
increasingly clear within the last couple of years that plant
pathogen type |IIl effectors suppress plant defence
responses (Alfano and Collmer, 2004). Indeed, there were
clues in the early 1990s that the TTSSs of plant pathogens
were capable of suppressing plant defences. For example,
X. c¢. pv. campestris hrp mutants induced an HR-like
response in the vascular system of crucifers (called the
vascular HR), which the compatible wild-type strain did
not elicit, suggesting that wild-type strains suppressed
the vascular HR (Kamoun et al, 1992). In pioneering
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research, Jakobek et al. (1993) showed that a compatible
P syringae pathovar, P s. pv. phaseolicola, suppressed
induction of defence-related mRNA and phytoalexins in
bean that were separately induced by an incompatible P
syringae pathovar and non-pathogenic E. coli. In retro-
spect, the induction of defence responses by E. coli prob-
ably resulted from PAMP-triggered defences. Another
study, used electron microscopy to show that X. c. pv.
vesicatoria suppressed papillae formation in plants and
this ability was dependent on hrp genes (Brown et al.,
1995).

These early studies suggested the TTSS of bacterial
plant pathogens was involved in defence suppression.
More recent studies suggested that specific type Il effec-
tors may be altering defence pathways in plants. For
example, VirPphA, a type Il effector from P s. pv.
phaseolicola, blocked other ‘masked’ Avr proteins from
eliciting the HR (Jackson et al., 1999). P s. pv. phaseoli-
cola virPphA mutants elicited HRs on certain bean culti-
vars that were normally infected by the wild-type strain.
Thus, the virPphA mutation effectively converted a virulent
pathogen to an avirulent one. Similar phenotypes were
observed for P s. pv. phaseolicola mutants defective in
AvrPphC and AvrPphF (Tsiamis et al., 2000). Another
phenomenon that now makes more sense in the context
of effectors acting as suppressors is the observation that
AvrRpt2 blocked the ability of AvrRpm1 to elicit an RPM1-
dependent HR in Arabidopsis plants (Ritter and Dangl,
1996). AvrRpm1 elicits an HR in Arabidopsis more quickly
than AvrRpt2. However, when both Avr proteins are
present in P. syringae and infiltrated into Arabidopsis Col-
0, which contains R proteins that recognize both Avrs,
only the slower AvrRpt2-dependent HR develops. This
suggested that the AvrRpt2 somehow interfered with
AvrRpm1 recognition. This effect appears to result from
the AvrRpt2-dependent elimination of a plant protein
called RIN4, which is monitored by RPM1 such that when
RIN4 is eliminated the RPM1 surveillance system is dis-
abled (Mackey et al., 2002; 2003; Axtell and Staskawicz,
2003).

Recently, several P, syringae effectors have been iden-
tified as suppressors of the HR and other plant responses
associated with defence. The HR elicited by several dif-
ferent Avr proteins were suppressed by the P syringae
effectors AvrPphEp,, AvrPpiBip, AvrPtoB, AvrRpt2,
HopPtoD2, HopPtoE, HopPtoF (an AvrPphF homologue)
and HopPtoN (Lopez-Solanilla et al., 2004; Abramovitch
etal., 2003; Axtell and Staskawicz, 2003; Bretz et al.,
2003; Espinosa et al., 2003; Mackey et al., 2003; Jamir
et al., 2004). A subset of these also has been shown to
suppress other hallmarks of plant defence (Bretz et al.,
2003; Chen et al., 2004; Jamir et al., 2004). Moreover,
AvrPphEg,,, HopPtoE, AvrPtoB, HopPtoF and HopPtoG
suppressed Bax-induced PCD in yeast and plants, and

induction of the PR transcript PR1a (Jamir et al., 2004).
AvrPtoB also suppressed the Bax-dependent PCD in
plants and as well as stress-induced PCD in yeast (Abra-
movitch et al., 2003). While the mechanism of suppres-
sion is unknown, suppression of PCD pathways in yeast
suggests that these effectors may act on conserved path-
ways in eukaryotes.

Some type Il effectors are able to suppress basal
defences triggered by PAMPs. For example, Hauck et al.
(2003) found that transgenically expressed AvrPto in Ara-
bidopsis suppressed the expression of a set of genes
predicted to encode proteins that are secreted cell wall
and defence proteins, which are normally expressed in a
manner independent of SA. Moreover, when P. syringae
TTSS-defective mutants were infected into AvrPto- or
AvrRpt2-expressing plants these mutants grew to signifi-
cantly higher levels than control strains suggesting that
plant defences induced by these mutants were sup-
pressed by both AvrRpt2 and AvrPto (Hauck et al., 2003;
Chen et al.,, 2004). Recently, DebRoy et al. (2004) have
shown that the P, syringae effectors AvrE and HopPtoM
suppress SA-dependent basal defences. Characterization
of other type Il effectors to determine whether they sup-
press SA-dependent or -independent defence responses
(or both) will help identify the plant targets of these effec-
tors. A listing of plant pathogen type Ill effectors that
appear to have a role in suppression of innate immunity
has been recently published (Alfano and Colimer, 2004).

Several caveats should be noted regarding effectors
that possess suppressor activity: many of the experiments
were carried out in heterologous systems (e.g. yeast); or
in conditions where the effector displaying the suppress-
ing activity was overexpressed; and, finally, many of the
mutants defective in effectors that suppress the HR do not
obviously alter their host range (although, in many cases
this was not tested), which would be predicted if individual
suppressors were required for growth on a specific host
plant. Another paradox associated with several of the
effectors that suppress defence response is that they can
also form necrotic lesions in compatible hosts (Badel
etal., 2003; DebRoy et al., 2004; Lopez-Solanilla et al.,
2004). These lesions may represent a late HR resulting
from latent recognition of these effectors by the plant's
surveillance system. A recent report demonstrates that
both the HR and necrotic lesions caused by P syringae
require a MAPK pathway suggesting that they may be
related responses (del Pozo et al., 2004).

There has been substantial progress on the identifica-
tion of enzymatic activities of plant pathogen type Il effec-
tors (Innes, 2003; Alfano and Collmer, 2004; Chang et al.,
2004). A growing number of these are active or predicted
cysteine proteases (Shao et al., 2002; Axtell et al., 2003;
Hotson et al., 2003; Lopez-Solanilla et al., 2004). While
the roles that many of these cysteine proteases play in

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040
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virulence are unknown, there is evidence that one role for
this group of effectors is defence suppression. For exam-
ple, the P s. pv. phaseolicola AvrPphB cysteine protease
targets the Arabidopsis PBS1 kinase, a protein involved
in R protein-mediated defences (Shao et al., 2003). The
P s. tomato HopPtoN effector, a cysteine protease
belonging to the same clad as AvrPphB, suppresses an
Avr-triggered HR (Lopez-Solanilla et al., 2004).

One plant pathogen type Il effector that is particularly
noteworthy is HopPtoD2 from P s. pv. tomato DC3000.
When HopPtoD2 is expressed in P s. pv. phaseolicola, it
suppresses the non-host HR, PR1 gene expression and
the oxidative burst (Bretz et al., 2003; Espinosa et al.,
2003). Importantly, HopPtoD2 was also demonstrated to
possess protein tyrosine phosphatase (PTP) activity. We
are not aware of any reports of tyrosine phosphorylated
proteins in plants other than the MAPKs (Zhang and Kles-
sig, 2001), which are phosphorylated at both threonine
and tyrosine. As noted above, MAPK pathways play
important roles in signal transduction pathways controlling
plant defence (Zhang and Klessig, 2001). An HR-like
response is produced when a constitutively active tobacco
MAPKK (NtMEK2"®) is transiently expressed in plants
(Yang et al., 2001). Interestingly, when HopPtoD2 is coex-
pressed in plants with NtIMEK2°° the HR-like response is
suppressed suggesting that the host cell target(s) of
HopPtoD2 is downstream of this MAPKK (Espinosa et al.,
2003). This MAPK pathway is activated by a number of
Avr proteins and the Arabidopsis MAPK homologues
AtMPK3/AtMPK®6 are also involved in the response to the
PAMP flagellin (Zhang and Klessig, 2001; Asai et al.,
2002). Thus, it is plausible that HopPtoD2 acts at a point
of convergence of signal transduction pathways that are
utilized by both Avr-triggered and PAMP-triggered defence
responses. Figure 2 shows possible sites of action in the
plant defence signal transduction pathways for type IlI
effectors that suppress innate immunity.

Animal pathogen type lll effectors have also been
shown to suppress innate immunity. Two type Il effectors,
SptP and YopH, from S. typhimurium and Yersinia spp.,
respectively, are also PTPs similar to HopPtoD2 (Guan
and Dixon, 1990; Kaniga et al., 1996). Both of these effec-
tors, like many animal pathogen type Il effectors, sup-
press actin polymerization, which inhibits phagocytosis
and prevents bacterial uptake by animal cells (Andersson
et al., 1996; Fu and Galan, 1998). YopH is also known to
downregulate the proinflammatory response (Boland and
Cornelis, 1998; Viboud et al., 2003), which is probably at
least partially due to the suppression of the synthesis of
the monocyte chemoattractant protein 1, a chemokine
involved in macrophage recruitment to the sites of infec-
tion (Sauvonnet et al., 2002a). YopH is also responsible
for the ability of Yersinia to prevent T and B cell activation
and therefore inhibiting adaptive immunity as well (Yao

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040

Fig. 2. Potential sites of action of plant pathogen type Il effectors in
innate immunity signal transduction pathways in plants. Bacterial
plant pathogens inject many different type Ill effectors (i.e. Hops) into
plant cells. Some type IlI effectors (i.e. Avr proteins depicted here as
a green object) are recognized by plant R proteins triggering SA-
dependent and SA-independent defences. The plant cell is capable
of recognizing the flagellin PAMP with the receptor-like kinase (RLK)
FLS2. Other PAMPs are probably recognized by other plant RLKs.
Type Il effectors that act as defence suppressors can act at unique
parts of the innate immunity signal transduction pathways (e.g.
AvrRpt2 suppression of the AvrRpm1-triggered defences) (1); or oth-
ers may act at convergence point of different signal transduction
pathways (e.g. HopPtoD2 suppression of a MAPK pathway) (2); cer-
tain type Ill effectors such as AvrBs3 are localized to the nucleus and
modify eukaryotic transcription (Buttner and Bonas, 2003) (3); type
Il effectors may also act post-transcriptionally to suppress Avr-
triggered (4) and PAMP-triggered outputs (5), both of which result
from SA-dependent and SA-independent responses. See text for
additional details. This figure was modified from Alfano and Collmer
(2004).

etal., 1999). Recently, the Lck kinase, a protein involved
in T cell receptor signalling, was shown to be a substrate
of YopH (Alonso et al., 2004). This is consistent with sup-
pression of innate and adaptive immunity by preventing T
cell activation.

SptP is a multifunctional effector with a GTPase activat-
ing protein domain in its N-terminal half and a PTP domain
in its C-terminal half (Kaniga etal., 1996). Murli et al.
(2001) showed that S. typhimurium sptP mutants acti-
vated Erk MAPK pathways to higher levels suggesting that
SptP modulated this MAPK pathway. SptP appears to
inhibit the Erk MAPK pathway by interfering with Raf
kinase activation (Lin et al., 2003). Salmonella is known
to trigger proinflammatory cytokines in animal cells
through the activation of Erk, Jnk and p38 MAPK path-
ways (Hobbie etal., 1997). SptP also downregulates
secretion of the proinflammatory cytokine IL-8 (Haraga
and Miller, 2003), which is consistent with it acting as a
suppressor of animal innate immunity. Interestingly, SptP
also inhibits the p38 MAPK pathway in Caenorhabditis
elegans and a Salmonella sptP mutant is reduced in its
ability to kill C. elegans suggesting a role in virulence in
this heterologous pathosystem (Tenor et al., 2004). These
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results indicate that SptP targets MAPK pathways
involved in innate immunity (Kim et al, 2002; Aballay
et al., 2003).

The Yersinia YopJ/P type Ill effector also suppresses
animal innate immunity. Yopd belongs to a large family of
type lll effectors that are cysteine proteases that are well
distributed in animal and plant pathogens (Orth, 2002).
The first clue that Yopd suppressed innate immunity was
that Yersinia was capable of suppressing the proinflam-
matory cytokine tumour necrosis factor oo (TNF-o) that
was induced by several MAPK pathways activated after
infection (Ruckdeschel et al., 1997). YopJ/P was shown by
several groups to be capable of suppressing both NF-xB
and TNF-a in macrophages (Boland and Cornelis, 1998;
Palmer et al., 1998; Ruckdeschel et al., 1998; Schesser
et al., 1998). YopJ also blocks several signal transduction
pathways that activate the CREB transcription factor
(Meijer et al., 2000). This transcription factor is activated
by the LPS PAMP indicating that YopdJ suppresses PAMP-
triggered innate immunity. How does YopdJ cause these
effects? Yopd blocks members of a superfamily of MAP-
KKs needed to activate MAPK pathways induced in mam-
malian cells by pathogens, and the kB complex, which is
required for activation of NF-xB (Orth et al., 1999). YopJ
is an isopeptidase that can use proteins conjugated to
small ubiquitin-related modifier (SUMO) as substrates
cleaving the isopeptide bond that links SUMO to the target
protein (Orth et al., 2000). Cleaving a SUMO group from
a protein can alter the protein’s activity. However, why
YopJ/P’s cysteine protease activity is required for MAPK
and NF-«kB signalling and how this contributes to its ability
to suppress the mammalian immune system is currently
unknown.

There are other animal pathogen type Il effectors that
are capable of suppressing innate immunity. Recently, the
Salmonella SspH 1 type Ill effector was shown to localize
to the nucleus where it inhibits NF-kB resulting in down-
regulation of IL-8 production (Haraga and Miller, 2003).
SspH 1 belongs to a family of type Ill effectors that contain
LRR predicted to be involved in protein—protein interac-
tions. Several of these, including the Yersinia YopM and
the Shigella 1paH9.8, have also been shown to localize
the nucleus (Skrzypek et al., 1998; Toyotome et al., 2001).
YopM’s LRRs are required for localization to the nucleus
(Benabdillah et al., 2004). IpaH9.8, like SspH 1, inhibits
NF-xB suggesting that this group of effectors may modify
eukaryotic transcription (Haraga and Miller, 2003). Con-
sistent with this idea is the observation that a Yersinia
yopM mutant alters the transcription profile of macroph-
ages compared with the transcription profile of macroph-
ages challenged with wild-type bacteria (Sauvonnet et al.,
2002b). Type Il effectors that act as eukaryotic defence
suppressors do not appear to be limited to pathogens.
Recently, NopL, a type lll effector from the symbiont

Rhizobium sp. NGR234, was found to suppress the induc-
tion of PR genes in tobacco suggesting that symbionts
may also benefit from suppressing plant innate immunity
(Bartsev et al., 2004).

Concluding remarks

The ability to avoid eukaryotic surveillance systems of the
innate immune system was probably a critical develop-
ment in the evolution of bacterial pathogenicity. In the
animal world, this was made doubly complex by an adap-
tive immune system that could recognize a bewildering
array of molecules and specific immune cells (i.e. mac-
rophages) that have the capacity to engulf microorgan-
isms. At first glance, plants seem to be an easier mark
because their defence systems rely only on premade
defences and a surveillance system that recognizes both
conserved molecules on microorganisms (PAMPs) and
specific products of pathogens (Avr proteins). However,
this surveillance system is surprisingly complex and suc-
cessful, which may explain why there are relatively few
bacterial species that can invade plants. It seems logical
to assume that the ability to recognize PAMPs came
before Avr recognition in the evolution of plant immunity.
Figure 3 shows a possible sequence of events that
allowed Gram-negative bacterial pathogens to evolve cen-
tred on the horizontal acquisition of a TTSS. In this model,
acquisition of the TTSS and type Ill effectors that disable
the PAMP-based innate immune system is the central
event that allowed these bacteria to evade plant defences.
It seems likely that after pathogens were successful in
disabling PAMP-triggered surveillance systems, the plant
countered by evolving the ability to recognize Avr proteins
of pathogens. To counteract, the pathogen acquired many
type lll effectors, which are probably functionally redun-
dant, and the plant evolved many PRRs that could recog-
nized as many possible ‘looks’ the pathogen gives the
plant. Understanding plant surveillance systems and type
Il effectors that disable it is imperative if we are to under-
stand the pathogenicity of plants.

In a larger context, the study of bacterial pathogenicity
of plants and animals has benefited from a comparative
pathobiology approach. For example, the similarity of
NODs to NBS-LRR R proteins probably aided the discov-
ery that NODs were involved in pathogen recognition.
Further comparative analyses of the protein complexes
involved in PRR perception and their downstream signal
transduction pathways will probably increase our under-
standing of both pathosystems. And many other points of
comparison remain. For example, is the YopJ/P-induced
apoptosis of macrophages (Mills et al., 1997; Monack
et al.,, 1997) equivalent to the Avr-induced PCD (i.e. HR)
in plants? That is, is the PCD of a macrophage a form of
defence or a virulence strategy of the pathogen? The

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040
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Fig. 3. Scenario for the evolution of bacterial plant pathogens based
on suppression of plant innate immunity with type Il effectors.

A. A possible scenario for the evolution of Gram-negative bacterial
plant pathogenicity predicts a stage in the evolution of plants that
allowed non-pathogens to grow in the apoplast unperturbed because
plants lacked an innate immune system.

B. Plants that evolved or possessed an innate immune system that
allowed for the detection of PAMPs were successful in stopping the
growth of non-pathogens.

C. Bacteria that acquired a TTSS through horizontal transfer or
evolved a specialized TTSS from the flagellar TTSS and delivered
type Il effectors that suppressed the PAMP-triggered defence
responses were successful in growing in the intercellular spaces of
plants.

D. Plants responded to this biotic stress by evolving R proteins that
could recognize certain type Il effects as Avr protein to trigger a rapid
intense defence response which included the HR.

E. The acquisition of additional type Il effectors conferred the ability
to suppress Avr-triggered defences.

F. This put additional evolutionary pressure on plants to expand their
R protein surveillance system to recognize the activity of other type
Il effectors.

The scenario predicts that the first targets of type Il effectors were
plant components that were involved in the PAMP-triggered defences
(i.e. basal defences). Continued co-evolution of plant PRRs and type
11l effector suppressors resulted in a highly polymorphic collection of
effectors and plant PRRs.

CW, plant cell wall; PM, plant plasma membrane.

Yersinia YopB type Il translocator does trigger proinflam-
matory responses in host cells similar to PAMPs (Viboud
et al., 2003), and potentially analogous to Avr proteins.
Plant and animal bacterial pathogens now have groups of
type lll effectors that have similar activities (e.g. cysteine

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040

proteases and tyrosine phosphatases) and a subset of
defence suppressors. Thus, comparing the activities and
targets of type Ill suppressors in plant and animal patho-
systems should lead to a greater understanding of the
innate immune system in eukaryotes.

Acknowledgements

We thank Tanja Petnicki-Ocwieja, Zheng Qing Fu and Byeong-
ryool Jeong for critical reading of the manuscript. Work in the
Alfano laboratory is currently supported by NSF Plant Genome
Research Program Cooperative Agreement DBI-0077622, NSF
Grant MCB-0317165 and USDA/NRI Grant 03-35319-13862.

References

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

Aballay, A., Drenkard, E., Hilbun, L.R., and Ausubel, F.M.
(2003) Caenorhabditis elegans innate immune response
triggered by Salmonella enterica requires intact LPS and
is mediated by a MAPK signaling pathway. Curr Biol 13:
47-52.

Abramovitch, R.B., Kim, Y.J., Chen, S., Dickman, M.B., and
Martin, G.B. (2003) Pseudomonas type |l effector AvrPtoB
induces plant disease susceptibility by inhibition of host
programmed cell death. EMBO J 22: 60—-69.

Alfano, J.R., and Collmer, A. (1996) Bacterial pathogens in
plants: life up against the wall. Plant Cell 8: 1683—1698.
Alfano, J.R., and Collmer, A. (1997) The type Il (Hrp) secre-
tion pathway of plant pathogenic bacteria: trafficking
harpins, Avr proteins, and death. J Bacteriol 179: 5655—

5662.

Alfano, J.R., and Collmer, A. (2004) Type Il secretion system
effector proteins: double agents in bacterial disease and
plant defense. Annu Rev Phytopathol 42: 385—-414.

Alonso, A., Bottini, N., Bruckner, S., Rahmouni, S., Williams,
S., Schoenberger, S.P., and Mustelin, T. (2004) Lck
dephosphorylation at Tyr-394 and inhibition of T cell anti-
gen receptor signaling by Yersinia phosphatase YopH. J
Biol Chem 279: 4922-4928.

Andersson, K., Carballeira, N., Magnusson, K.-E., Persson,
C., Stendahl, O., Wolf-Watz, H., and Fallman, M. (1996)
YopH of Yersinia pseudotuberculosis interrupts early phos-
photyrosine signalling associated with phagoctosis. Mol
Microbiol 20: 1057—1069.

Asai, T., Tena, G., Plotnikova, J., Willmann, M.R., Chiu,
W.-L., Gomez-Gomez, L., et al. (2002) MAP kinase signal-
ling cascade in Arabidopsis innate immunity. Nature 415:
977-983.

Axtell, M.J., and Staskawicz, B.J. (2003) Initiation of RPS2-
specified disease resistance in Arabidopsis is coupled to
the AvrRpt2-directed elimination of RIN4. Cell 112: 369—
377.

Axtell, M.J., Chisholm, S.T., Dahlbeck, D., and Staskawicz,
B.J. (2003) Genetic and molecular evidence that the
Pseudomonas syringae type lll effector protein AvrRpt2 is
a cysteine protease. Mol Microbiol 49: 1537-1546.

Badel, J.L., Nomura, K., Bandyopadhyay, S., Shimizu, R.,
Collmer, A., and He, S.Y. (2003) Pseudomonas syringae



1036 A. Espinosa and J. R. Alfano

pv. tomato DC3000 HopPtoM (CEL ORF3) is important for
lesion formation but not growth in tomato and is secreted
and translocated by the Hrp type Il secretion system in a
chaperone-dependent manner. Mol Microbiol 49: 1239—
1251.

Baker, C.J., and Orlandi, E.W. (1995) Active oxygen in plant
pathogenesis. Annu Rev Phytopathol 33: 299-321.

Barton, G.M., and Medzhitov, R. (2003) Toll-like receptor
signaling pathways. Science 300: 1524—1525.

Barton, G.M., and Medzhitov, R. (2004) Toll signaling:
RIPping off the TNF pathway. Nat Immunol 5: 472-474.
Bartsev, A.V., Deakin, W.J., Boukli, N.M., McAlvin, C.B.,
Stacey, G., Malnoe, P., et al. (2004) NopL, an effector
protein of Rhizobium sp. NGR234, thwarts activation of

plant defense reactions. Plant Physiol 134: 871-879.

Benabdillah, R., Mota, L.J., Lutzelschwab, S., Demoinet, E.,
and Cornelis, G.R. (2004) Identification of a nuclear target-
ing signal in YopM from Yersinia spp. Microb Pathog 36:
247-261.

Boland, A., and Cornelis, G.R. (1998) Role of YopP in sup-
pression of tumor necrosis factor alpha release by mac-
rophages during Yersinia infection. Infect Immun 66: 1878—
1884.

Boller, T. (1995) Chemoperception of microbial signals in
plant cells. Annu Rev Plant Physiol Plant Mol Biol 46: 189—
214.

Bonas, U., and Lahaye, T. (2002) Plant disease resistance
triggered by pathogen-derived molecules: refined models
of specific recognition. Curr Opin Microbiol 5: 44—60.

Boyes, D.C., Nam, J., and Dangl, J.L. (1998) The Arabidopsis
thaliana RPM1 disease resistance gene product is a
peripheral plasma membrane protein that is degraded coin-
cident with the hypersensitive response. Proc Natl Acad
Sci USA 95: 15849-15854.

Bretz, J.R., Mock, N.M., Charity, J.C., Zeyad, S., Baker, C.J.,
and Hutcheson, S.W. (2003) A translocated protein
tyrosine phosphatase of Pseudomonas syringae pv.
tomato DC3000 modulates plant defence response to
infection. Mol Microbiol 49: 389-400.

Brown, I., Mansfield, J., and Bonas, U. (1995) hrp genes in
Xanthomonas campestris pv. vesicatoria determine ability
to suppress papilla deposition in pepper mesophyll cells.
Mol Plant Microbe Interact 8: 825—836.

Buttner, D., and Bonas, U. (2003) Common infection strate-
gies of plant and animal pathogenic bacteria. Curr Opin
Plant Biol 6: 312—319.

Buttner, D., Noel, L., Thieme, F., and Bonas, U. (2003)
Genomic approaches in Xanthomonas campestris pv. ves-
icatoria allow fishing for virulence genes. J Biotechnol 106:
203-214.

Cao, H., Bowling, S.A., Gordon, A.S., and Dong, X. (1994)
Characterization of an Arabidopsis mutant that is nonre-
sponsive to inducers of systemic acquired resistance. Plant
Cell 6: 1583-1592.

Cao, H., Li, X., and Dong, X. (1998) Generation of broad-
spectrum disease resistance by overexpression of an
essential regulatory gene in systemic acquired resistance.
Proc Natl Acad Sci USA 95: 6531-6536.

Carneiro, L.A., Travassos, L.H., and Philpott, D.J. (2004)
Innate immune recognition of microbes through Nod1 and
Nod2: implications for disease. Microbes Infect 6: 609—
616.

Century, K.S., Shapiro, A.D., Repetti, P.P., Dahlbeck, D.,
Holub, E., and Staskawicz, B.J. (1997) NDR1, a pathogen-

induced component required for Arabidopsis disease resis-
tance. Science 278: 1963—1965.

Chamaillard, M., Girardin, S.E., Viala, J., and Philpott, D.J.
(2003) Nods, Nalps and Naip: intracellular regulators of
bacterial-induced inflammation. Cell Microbiol 5: 581-592.

Chang, J.H., Goel, A.K., Grant, S.R., and Dangl, J.L. (2004)
Wake of the flood: ascribing functions to the wave of type
Il effector proteins of phytopathogenic bacteria. Curr Opin
Microbiol 7: 11-118.

Chern, M.S., Fitzgerald, H.A., Yadav, R.C., Canlas, P.E.,
Dong, X., and Ronald, P.C. (2001) Evidence for a disease-
resistance pathway in rice similar to the NPR1-mediated
signaling pathway in Arabidopsis. Plant J 27: 101-113.

Chen, Z., Kloek, A.P., Cuzick, A., Moeder, W., Tang, D.,
Innes, R.W., et al. (2004) The Pseudomonas syringae type
Il effector AvrRpt2 functions downstream or independently
of SA to promote virulence on Arabidopsis thaliana. Plant
J 37: 494-504.

Cohn, J., Sessa, G., and Martin, G.B. (2001) Innate immunity
in plants. Curr Opin Immunol 13: 55-62.

Collmer, A., Lindeberg, M., Petnicki-Ocwieja, T., Schneider,
D., and Alfano, J.R. (2002) Genomic mining type Il secre-
tion system effectors in Pseudomonas syringae yields new
picks for all TTSS prospectors. Trends Microbiol 10: 462—
469.

Cornelis, G.R. (2000) Molecular and cell biology aspects of
plague. Proc Natl Acad Sci USA 97: 8778-8783.

Cornelis, G.R. (2002a) Yersinia type Ill secretion: send in the
effectors. J Cell Biol 158: 401-408.

Cornelis, G.R. (2002b) The Yersinia Ysc-Yop ‘type III’ weap-
onry. Nat Rev Mol Cell Biol 3: 742-752.

Cossart, P., and Sansonetti, P.J. (2004) Bacterial invasion:
the paradigms of enteroinvasive pathogens. Science 304:
242-248.

Dale, C., Young, S.A., Haydon, D.T., and Welburn, S.C.
(2001) The insect endosymbiont Sodalis glossinidius uti-
lizes a type lll secretion system for cell invasion. Proc Natl
Acad Sci USA 98: 1883-1888.

Dangl, J.L., and Jones, J.D. (2001) Plant pathogens and
integrated defence responses to infection. Nature 411:
826-833.

DebRoy, S., Thilmony, R., Kwack, Y.B., Nomura, K., and He,
S.Y. (2004) A family of conserved bacterial effectors inhib-
its salicylic acid-mediated basal immunity and promotes
disease necrosis in plants. Proc Natl Acad Sci USA 101:
9927-9932.

Delaney, T.P., Friedrich, L., and Ryals, J.A. (1995) Arabidop-
sis signal transduction mutant defective in chemically and
biologically induced disease resistance. Proc Natl Acad Sci
USA 92: 6602—6606.

Deslandes, L., Olivier, J., Theulieres, F., Hirsch, J., Feng,
D.X., Bittner-Eddy, P., et al. (2002) Resistance to Ralstonia
solanacearum in Arabidopsis thaliana is conferred by the
recessive RRS1-R gene, a member of a novel family of
resistance genes. Proc Natl Acad Sci USA 99: 2404—-2409.

Deslandes, L., Olivier, J., Peeters, N., Feng, D.X., Khoun-
lotham, M., Boucher, C., et al. (2003) Physical interaction
between RRS1-R, a protein conferring resistance to bac-
terial wilt, and PopP2, a type Il effector targeted to the
plant nucleus. Proc Natl Acad Sci USA 100: 8024—-8029.

Dow, M., Newman, M.A., and von Roepenack, E. (2000) The
induction and modulation of plant defense responses by
bacterial lipopolysaccharides. Annu Rev Phytopathol 38:
241-261.

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040



Innate immunity and type Il secretion system effectors 1037

Durrant, W.E., and Dong, X. (2004) Systemic acquired resis-
tance. Annu Rev Phytopathol 42: 185-209.

Espinosa, A., Guo, M., Tam, V.C., Fu, Z.Q., and Alfano, J.R.
(2003) The Pseudomonas syringae type lll-secreted pro-
tein HopPtoD2 possesses protein tyrosine phosphatase
activity and suppresses programmed cell death in plants.
Mol Microbiol 49: 377-387.

Eulgem, T., Rushton, P.J., Robatzek, S., and Somssich, I.E.
(2000) The WRKY superfamily of plant transcription fac-
tors. Trends Plant Sci 5: 199-206.

Felix, G., and Boller, T. (2003) Molecular sensing of bacteria
in plants. The highly conserved RNA-binding motif RNP-1
of bacterial cold shock proteins is recognized as an elicitor
signal in tobacco. J Biol Chem 278: 6201-6208.

Falk, A., Feys, B.J., Frost, L.N., Jones, J.D., Daniels, M.J.,
and Parker, J.E. (1999) EDS1, an essential component of
R gene-mediated disease resistance in Arabidopsis has
homology to eukaryotic lipases. Proc Natl Acad Sci USA
96: 3292-3297.

Felix, G., Regenass, M., and Boller, T. (1993) Specific per-
ception of subnanomolar concentrations of chitin fragments
by tomato cells. Induction of extracellular alkalinization,
changes in protein phosphorylation, and establishment of
a refractory state. Plant J 4: 307-316.

Flor (1971) Current status of the gene-for-gene concept.
Annu Rev Phytopathol 9: 275-296.

Friedrich, L., Lawton, K., Dietrich, R., Willits, M., Cade, R.,
and Ryals, J. (2001) NIM1 overexpression in Arabidopsis
potentiates plant disease resistance and results in
enhanced effectiveness of fungicides. Mol Plant Microbe
Interact 14: 1114—-1124.

Fu, Y., and Galan, J.E. (1998) The Salmonella typhimurium
tyrosine phosphatase SptP is translocated into host cells
and disrupts the actin cytoskeleton. Mol Microbiol 27: 359—
368.

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

Gaffney, T., Friedrich, L., Vernooij, B., Negrotto, D., Nye, G.,
Uknes, S., et al. (1993) Requirement of salicylic-acid for the
induction of systemic acquired-resistance. Science 261:
754-756.

Galan, J.E., and Collmer, A. (1999) Type Il secretion
machines: bacterial devices for protein delivery into host
cells. Science 284: 1322-1328.

Gassmann, W., Hinsch, M.E., and Staskawicz, B.J. (1999)
The Arabidopsis RPS4 bacterial-resistance gene is a
member of the TIR-NBS-LRR family of disease-resistance
genes. Plant J 20: 265-277.

Girardin, S.E., Sansonetti, P.J., and Philpott, D.J. (2002)
Intracellular vs extracellular recognition of pathogens —
common concepts in mammals and flies. Trends Microbiol
10: 193-199.

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

Gomez-Gomez, L., Bauer, Z., and Boller, T. (2001) Both the
extracellular leucine-rich repeat domain and the kinase
activity of FLS2 are required for flagellin binding and sig-
naling in Arabidopsis. Plant Cell 13: 1155-1163.

Gomez-Gomez, L., and Boller, T. (2002) Flagellin perception:
a paradigm for innate immunity. Trends Plant Sci 7: 251—
256.

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040

Granado, J., Felix, G., and Boller, T. (1995) Perception of
fungal sterols in plants (subnanomolar concentrations of
ergosterol elicit extracellular alkalinization in tomato cells).
Plant Physiol 107: 485—-490.

Greenberg, J.T., and Vinatzer, B.A. (2003) Identifying type IlI
effectors of plant pathogens and analyzing their interaction
with plant cells. Curr Opin Microbiol 6: 20—-28.

Guan, K.L., and Dixon, J.E. (1990) Protein tyrosine phos-
phatase activity of an essential virulence determinant in
Yersinia. Science 249: 553-556.

Guttman, D.S., Vinatzer, B.A., Sarkar, S.F., Ranall, M.V.,
Kettler, G., and Greenberg, J.T. (2002) A functional screen
for the type Il (Hrp) secretome of the plant pathogen
Pseudomonas syringae. Science 295: 1722—1726.

Haller, J.C., Carlson, S., Pederson, K.J., and Pierson, D.E.
(2000) A chromosomally encodes type Il secretion path-
way in Yersinia enterocolitica is important in virulence. Mol
Microbiol 36: 1436—1446.

Haraga, A., and Miller, S.I. (2003) A Salmonella enterica
serovar typhimurium translocated leucine-rich repeat effec-
tor protein inhibits NF-kappa B-dependent gene expres-
sion. Infect Immun 71: 4052—-4058.

Hauck, P., Thilmony, R., and He, S.Y. (2003) A Pseudomo-
nas syringae type |l effector suppresses cell wall-based
extracellular defense in susceptible Arabidopsis plants.
Proc Natl Acad Sci USA 100: 8577—-8582.

Heath, M.C. (2000) Nonhost resistance and nonspecific plant
defenses. Curr Opin Plant Biol 3: 315-319.

Hobbie, S., Chen, L.M., Davis, R.J., and Galan, J.E. (1997)
Involvement of mitogen-activated protein kinase pathways
in the nuclear responses and cytokine production induced
by Salmonella typhimurium in cultured intestinal epithelial
cells. J Immunol 159: 5550-5559.

Holden, D.W. (2002) Trafficking of the Salmonella vacuole in
macrophages. Traffic 3: 161-169.

Holt, B.F., 3rd, Hubert, D.A., and Dangl, J.L. (2003) Resis-
tance gene signaling in plants — complex similarities to
animal innate immunity. Curr Opin Immunol 15: 20-25.

Horng, T., Barton, G.M., Flavell, R.A., and Medzhitov, R.
(2002) The adaptor molecule TIRAP provides signalling
specificity for Toll-like receptors. Nature 420: 329—333.

Hotson, A., Chosed, R., Shu, H., Orth, K., and Mudgett,
M.B. (2003) Xanthomonas type Il effector XopD targets
SUMO-conjugated proteins in planta. Mol Microbiol 50:
377-389.

Hueck, C.J. (1998) Type Il protein secretion systems in bac-
terial pathogens of animals and plants. Microbiol Mol Biol
Rev 62: 379-433.

Imler, J.L., and Hoffmann, J.A. (2001) Toll receptors in innate
immunity. Trends Cell Biol 11: 304-311.

Innes, R. (2003) New effects of type Il effectors. Mol Micro-
biol 50: 363-365.

Innes, R.W. (2004) Guarding the goods. New insights into
the central alarm system of plants. Plant Physiol 135: 695—
701.

Inohara, N., and Nunez, G. (2003) NODs: intracellular pro-
teins involved in inflammation and apoptosis. Nat Rev
Immunol 3: 371-382.

Jackson, R.W., Athanassopoulos, E., Tsiamis, G., Mansfield,
J.W., Sesma, A., Arnold, D.L., et al. (1999) Identification of
a pathogenicity island, which contains genes for virulence
and avirulence, on a large native plasmid in the bean
pathogen Pseudomonas syringae pathovar phaseolicola.
Proc Natl Acad Sci USA 96: 10875-10880.



1038 A. Espinosa and J. R. Alfano

Jakobek, J.L., Smith, J.A., and Lindgren, P.B. (1993) Sup-
pression of bean defense responses by Pseudomonas
syringae. Plant Cell 5: 57—63.

Jamir, Y., Guo, M., Oh, H.-S., Petnicki-Ocwieja, T., Chen, S.,
Tang, X., et al. (2004) Identification of Pseudomonas syrin-
gae type lll effectors that suppress programmed cell death
in plants and yeast. Plant J 37: 554-565.

Jin, H., Axtell, M.J., Dahlbeck, D., Ekwenna, O., Zhang, S.,
Staskawicz, B., and Baker, B. (2002) NPK1, an MEKK1-
like mitogen-activated protein kinase kinase kinase, regu-
lates innate immunity and development in plants. Dev Cell
3: 291-297.

Jones, D.A., and Takemoto, D. (2004) Plant innate immunity
— direct and indirect recognition of general and specific
pathogen-associated molecules. Curr Opin Immunol 16:
48-62.

Kamoun, S., Kamdar, H.V., Tola, E., and Kado, C.I. (1992)
Incompatible interactions between crucifers and Xanth-
omonas campestris involve vascular hypersensitive
response: role of the hrpXlocus. Mol Plant Microbe Interact
5: 22-33.

Kaniga, K., Uralil, J., Bliska, J.B., and Galan, J.E. (1996) A
secreted protein tyrosine phosphatase with modular effec-
tor domains in the bacterial pathogen Salmonella typhimu-
rium. Mol Microbiol 21: 633—641.

Keen, N.T. (1990) Gene-for-gene complementarity in plant—
pathogen interactions. Annu Rev Genet 24: 447-463.

Kim, C.Y., and Zhang, S. (2004) Activation of a mitogen-
activated protein kinase cascade induces WRKY family of
transcription factors and defense genes in tobacco. Plant
J 38: 142—-151.

Kim, D.H., Feinbaum, R., Alloing, G., Emerson, F.E., Garsin,
D.A., Inoue, H., et al. (2002) A conserved p38 MAP kinase
pathway in Caenorhabditis elegans innate immunity. Sci-
ence 297: 623-626.

Kobe, B., and Kajava, A.V. (2001) The leucine-rich repeat as
a protein recognition motif. Curr Opin Struct Biol 11: 725-
732.

Lam, E., Kato, N., and Lawton, M. (2001) Programmed cell
death, mitochondria and the plant hypersensitive response.
Nature 411: 848-853.

Lee, F.S., Hagler, J., Chen, Z.J., and Maniatis, T. (1997)
Activation of the IxB alpha kinase complex by MEKK1, a
kinase of the JNK pathway. Cell 88: 213—-222.

Limpens, E., Franken, C., Smit, P., Willemse, J., Bisseling,
T., and Geurts, R. (2003) LysM domain receptor kinases
regulating rhizobial Nod factor-induced infection. Science
302: 630—633.

Lin, S.L., Le, T.X., and Cowen, D.S. (2003) SptP, a Salmo-
nella typhimurium type Ill-secreted protein, inhibits the
mitogen-activated protein kinase pathway by inhibiting Raf
activation. Cell Microbiol 5: 267-275.

Lopez-Solanilla, E., Bronstein, P.A., Schneider, A.R., and
Collmer, A. (2004) HopPtoN is a Pseudomonas syringae
TTSS effector with cysteine protease that suppresses
pathogen-induced necrosis associated with both compati-
ble and incompatible plant interactions. Mol Microbiol (in
press).

Mackey, D., Holt, B.F., Ill, Wiig, A., and Dangl, J.L. (2002)
RIN4 interacts with Pseudomonas syringae type Il effector
molecules and is required for RPM1-mediated resistance
in Arabidopsis. Cell 108: 743-754.

Mackey, D., Belkhadir, Y., Alonso, J.M., Ecker, J.R., and
Dangl, J.L. (2003) Arabidopsis RIN4 is a target of the type

Il virulence effector AvrRpt2 and modulates RPS2-medi-
ated resistance. Cell 112: 379-389.

Madsen, E.B., Madsen, L.H., Radutoiu, S., Olbryt, M.,
Rakwalska, M., Szczyglowski, K., et al. (2003) A recep-
tor kinase gene of the LysM type is involved in
legume perception of rhizobial signals. Nature 425:
637—-640.

Marie, C., Broughton, W.J., and Deakin, W.J. (2001) Rhizo-
bium type Il secretion systems: legume charmers or
alarmers? Curr Opin Plant Biol 4: 336—342.

Martin, G.B., Bogdanove, A.J., and Sessa, G. (2003) Under-
standing the functions of plant disease resistance proteins.
Annu Rev Plant Biol 54: 23-61.

Medzhitov, R. (2001) Toll-like receptors and innate immunity.
Nat Rev Immunol 1: 135-145.

Medzhitov, R., and Janeway, C.A., Jr (1997) Innate immunity:
the virtues of a nonclonal system of recognition. Cell 91:
295-298.

Meijer, L.K., Schesser, K., Wolf-Watz, H., Sassone-Corsi, P.,
and Pettersson, S. (2000) The bacterial protein Yopd abro-
gates multiple signal transduction pathways that converge
on the transcription factor CREB. Cell Microbiol 2: 231—
238.

Mills, S.D., Boland, A., Sory, M.-P., Van Der Smissen, P.,
Kerbourch, C., Finlay, B.B., and Cornelis, G.R. (1997) Yers-
inia enterocolitica induces apoptosis in macrophages by a
process requiring functional type 1l secretion and translo-
cation mechanisms and involving YopP, presumably acting
as an effector protein. Proc Natl Acad Sci USA 94: 12638—
12643.

Monack, D.M., Mecsas, J., Ghori, N., and Falkow, S. (1997)
Yersinia signals macrophages to undergo apoptosis and
Yopd is necessary for this cell death. Proc Natl Acad Sci
USA 94: 10385-10390.

Murli, S., Watson, R.O., and Galan, J.E. (2001) Role of
tyrosine kinases and the tyrosine phosphatase SptP in the
interaction of Salmonella with host cells. Cell Microbiol 3:
795-810.

Navarro, L., Zipfel, C., Rowland, O., Keller, I., Robatzek, S.,
Boller, T., and Jones, J.D. (2004) The transcriptional innate
immune response to flg22. Interplay and overlap with Avr
gene-dependent defense responses and bacterial patho-
genesis. Plant Physiol 135: 1-16.

Nimchuk, Z., Rohmer, L., Chang, J.H., and Dangl, J.L. (2001)
Knowing the dancer from the dance: R-gene products and
their interactions with other proteins from host and patho-
gen. Curr Opin Plant Biol 4: 288-294.

Nimchuk, Z., Eulgem, T., Holt, B.F., 3rd, and Dangl, J.L.
(2003) Recognition and response in the plant immune sys-
tem. Annu Rev Genet 37: 579-609.

Nuhse, T.S., Peck, S.C., Hirt, H., and Boller, T. (2000) Micro-
bial elicitors induce activation and dual phosphorylation of
the Arabidopsis thaliana MAPK 6. J Biol Chem 275: 7521—
7526.

Nurnberger, T., and Brunner, F. (2002) Innate immunity in
plants and animals: emerging parallels between the recog-
nition of general elicitors and pathogen-associated molec-
ular patterns. Curr Opin Plant Biol 5: 318-324.

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

Orth, K. (2002) Function of the Yersinia effector Yopd. Curr
Opin Microbiol 5: 38—43.

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040



Innate immunity and type Il secretion system effectors 1039

Orth, K., Palmer, L.E., Bao, Z.Q.., Stewart, S., Rudolph, A.E.,
Bliska, J.B., and Dixon, J.E. (1999) Inhibition of the
mitogen-activated protein kinase kinase superfamily by a
Yersinia effector. Science 285: 1920-1923.

Orth, K., Xu, Z., Mudgett, M.B., Bao, Z.Q., Palmer, L.E.,
Bliska, J.B., et al. (2000) Disruption of signaling by Yersinia
effector YopJ, a Ubiquitin-like protein protease. Science
290: 1594-1597.

Palmer, L.E., Hobbie, S., Galan, J.E., and Bliska, J.B. (1998)
Yopd of Yersinia pseudotuberculosis is required for the
inhibition of macrophage TNF-o production and downreg-
ulation of the MAP kinases p38 and JNK. Mol Microbiol 27:
953-965.

Pasare, C., and Medzhitov, R. (2003) Toll-like receptors: bal-
ancing host resistance with immune tolerance. Curr Opin
Immunol 15: 677-682.

Pedley, K.F., and Martin, G.B. (2003) Molecular basis of Pto-
mediated resistance to bacterial speck disease in tomato.
Annu Rev Phytopathol 41: 215-243.

Petnicki-Ocwieja, T., Schneider, D.J., Tam, V.C., Chancey,
S.T., Shan, L., Jamir, Y., et al. (2002) Genomewide identi-
fication of proteins secreted by the Hrp type Il protein
secretion system of Pseudomonas syringae pv. tomato
DC3000. Proc Natl Acad Sci USA 99: 7652—7657.

del Pozo, O., Pedley, K.F., and Martin, G.B. (2004) MAP-
KKKo is a positive regulator of cell death associated with
both plant immunity and disease. EMBO J 23: 3072-3082.

Radutoiu, S., Madsen, L.H., Madsen, E.B., Felle, H.H., Ume-
hara, Y., Gronlund, M., et al. (2003) Plant recognition of
symbiotic bacteria requires two LysM receptor-like kinases.
Nature 425: 585-592.

Ritter, C., and Dangl, J.L. (1996) Interference between two
specific pathogen recognition events mediated by distinct
plant disease resistance genes. Plant Cell 8: 251-257.

Ruckdeschel, K., Harb, S., Roggenkamp, A., Hornef, M.,
Zumbihl, R., Kohler, S., et al. (1998) Yersinia enterocolitica
impairs activation of transcription factor NF-kappaB:
involvement in the induction of programmed cell death and
in the suppression of the macrophage tumor necrosis fac-
tor alpha production. J Exp Med 187: 1069-1079.

Ruckdeschel, K., Machold, J., Roggenkamp, A., Schubert,
S., Pierre, J., Zumbihl, R., et al. (1997) Yersinia enterocolit-
ica promotes deactivation of macrophage mitogen-
activated protein kinases extracellular signal-regulated
kinase-1/2, 38, and c-Jun NH2-terminal kinase. Correlation
with its inhibitory effect on tumor necrosis factor-alpha
production. J Biol Chem 272: 15920-15927.

Ryals, J., Weymann, K., Lawton, K., Friedrich, L., Ellis, D.,
Steiner, H.-Y., et al. (1997) The Arabidopsis NIM-1 protein
shows homology to the mammalian transcription factor
inhibitor 1xB. Plant Cell 9: 425-439.

Salanoubat, M., Genin, S., Artiguenave, F., Gouzy, J., Man-
genot, S., Arlat, M., et al. (2002) Genome sequence of the
plant pathogen Ralstonia solanacearum. Nature 415: 497—
502.

Sauvonnet, N., Lambermont, |., van der Bruggen, P., and
Cornelis, G.R. (2002a) YopH prevents monocyte chemoat-
tractant protein 1 expression in macrophages and T-cell
proliferation through inactivation of the phosphatidylinositol
3-kinase pathway. Mol Microbiol 45: 805-815.

Sauvonnet, N., Pradet-Balade, B., Garcia-Sanz, J.A., and
Cornelis, G.R. (2002b) Regulation of mRNA expression in
macrophages after Yersinia enterocolitica infection. Role of
different Yop effectors. J Biol Chem 277: 25133-25142.

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040

Schneider, D.S. (2002) Plant immunity and film noir: what
gumshoe detectives can teach us about plant—-pathogen
interactions. Cell 109: 537-540.

Schesser, K., Spiik, A.-K., Dukuzmuremyi, J.-M., Neurath,
M.F., Pettersson, S., and Wolf-Watz, H. (1998) The yopJ
locus is required for Yersinia-mediated inhibition of NF-kB
activation and cytokine expression: YopJ contains a
eukaryotic SH2-like domain that is essential for its repres-
sive activity. Mol Microbiol 28: 1067—-1079.

Shao, F., Merritt, P.M., Bao, Z., Innes, R.W., and Dixon, J.E.
(2002) A Yersinia effector and a Pseudomonas avirulence
protein define a family of cysteine proteases functioning in
bacterial pathogenesis. Cell 109: 575-588.

Shao, F., Golstein, C., Ade, J., Stoutemyer, M., Dixon, J.E.,
and Innes, R.W. (2003) Cleavage of Arabidopsis PBS1 by
a bacterial type Il effector. Science 301: 1230-1233.

Shea, J.E., Hensel, M., Gleeson, C., and Holden, D.W.
(1996) Identification of a virulence locus encoding a sec-
ond type Il secretion system in Salmonella typhimurium.
Proc Natl Acad Sci USA 93: 2593-2597.

Shen, Y., Sharma, P., da Silva, F.G., and Ronald, P. (2002)
The Xanthomonas oryzae pv. oryzae raxP and raxQ genes
encode an ATP sulphurylase and adenosine-5’-phospho-
sulphate kinase that are required for AvrXa21 avirulence
activity. Mol Microbiol 44: 37—-48.

Shiu, S.H., and Bleecker, A.B. (2003) Expansion of the
receptor-like kinase/Pelle gene family and receptor-like
proteins in Arabidopsis. Plant Physiol 132: 530-543.

da Silva, A.C., Ferro, J.A., Reinach, F.C., Farah, C.S., Furlan,
L.R., Quaggio, R.B., et al. (2002) Comparison of the
genomes of two Xanthomonas pathogens with differing
host specificities. Nature 417: 459-463.

Skrzypek, E., Cowan, C., and Straley, S.C. (1998) Targeting
of the Yersinia pestis YopM protein into HelLa cells and
intracellular trafficking to the nucleus. Mol Microbiol 30:
1051-1065.

Song, W.-Y., Wang, G.-L., Chen, L.-L., Kim, H.-S., Pi, L.-Y.,
Holsten, T., et al. (1995) A receptor kinase-like protein
encoded by the rice disease resistance gene, Xa21. Sci-
ence 270: 1804—1806.

Spaink, H.P. (2004) Specific recognition of bacteria by plant
LysM domain receptor kinases. Trends Microbiol 12: 201—
204.

Takeda, K., and Akira, S. (2003) Toll receptors and pathogen
resistance. Cell Microbiol 5: 143-153.

Takeda, K., Kaisho, T., and Akira, S. (2003) Toll-like recep-
tors. Annu Rev Immunol 21: 335-376.

Tao, Y., Xie, Z., Chen, W., Glazebrook, J., Chang, H.S., Han,
B., et al. (2003) Quantitative nature of Arabidopsis
responses during compatible and incompatible interactions
with the bacterial pathogen Pseudomonas syringae. Plant
Cell 15: 317-330.

Tenor, J.L., McCormick, B.A., Ausubel, F.M., and Aballay, A.
(2004) Caenorhabditis elegans-based screen identifies
Salmonella virulence factors required for conserved host—
pathogen interactions. Curr Biol 14: 1018-1024.

Thordal-Christensen, H. (2003) Fresh insights into processes
of nonhost resistance. Curr Opin Plant Biol 6: 351-357.

Torii, K.U. (2000) Receptor kinase activation and signal trans-
duction in plants: an emerging picture. Curr Opin Plant Biol
3: 361-367.

Toyotome, T., Suzuki, T., Kuwae, A., Nonaka, T., Fukuda, H.,
Imajoh-Ohmi, S., et al. (2001) Shigella protein IpaH (9.8)
is secreted from bacteria within mammalian cells and



1040 A. Espinosa and J. R. Alfano

transported to the nucleus. J Biol Chem 276: 32071—
32079.

Tsiamis, G., Mansfield, J.W., Hockenhull, R., Jackson, R.W.,
Sesma, A., Athanassopoulos, E., et al. (2000) Cultivar-
specific avirulence and virulence functions assigned to
avrPphF in Pseudomonas syringae pv. phaseolicola, the
cause of bean halo-blight disease. EMBO J 19: 3204—
3214.

Viboud, G.I., So, S.S., Ryndak, M.B., and Bliska, J.B. (2003)
Proinflammatory signalling stimulated by the type Il trans-
location factor YopB is counteracted by multiple effectors in
epithelial cells infected with Yersinia pseudotuberculosis.
Mol Microbiol 47: 1305-1315.

van Wees, S.C.M., and Glazebrook, J. (2003) Loss of non-
host resistance of Arabidopsis NahG to Pseudomonas
syringae pv. phaseolicola is due to degradation products
of salicylic acid. Plant J 33: 733-742.

Wildermuth, M.C., Dewdney, J., Wu, G., and Ausubel,
F.M. (2001) Isochorismate synthase is required to syn-
thesize salyicylic acid for plant defence. Nature 414:
562-565.

Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T.,
Sanjo, H., et al. (2003) Role of adaptor TRIF in the MyD88-
independent toll-like receptor signaling pathway. Science
301: 640-643.

Yang, K.-Y., Liu, Y., and Zhang, S. (2001) Activation of a
mitogen-activated protein kinase pathway is involved in
disease resistance in tobacco. Proc Natl Acad Sci USA 98:
741-746.

Yao, T., Mecsas, J., Healy, J.l., Falkow, S., and Chien, Y.
(1999) Suppression of T and B lymphocyte activation by a
Yersinia pseudotuberculosis virulence factor, YopH. J Exp
Med 190: 1343-1350.

Zaharik, M.L., Gruenheid, S., Perrin, AJ., and Finlay, B.B.
(2002) Delivery of dangerous goods: type Il secretion in
enteric pathogens. Int J Med Microbiol 291: 593-603.

Zhang, S., and Klessig, D.F. (2001) MAPK cascades in plant
defense signaling. Trends Plant Sci 6: 520-527.

Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E.J., Jones,
J.D., Felix, G., and Boller, T. (2004) Bacterial disease resis-
tance in Arabidopsis through flagellin perception. Nature
428: 764-767.

© 2004 Blackwell Publishing Ltd, Cellular Microbiology, 6, 1027—-1040



