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Innate immune receptors in plants detect the pres-
ence of microbial pathogens and trigger defense re-
sponses to terminate or restrict pathogen growth. The
molecular mechanisms of receptor-mediated nonself
recognition and subsequent intracellular signaling
pathways have received much attention in the past.
Less is known about the cellular mechanisms that
contribute to the execution of immune responses.
Recent studies revealed the existence of a secretory
machinery that becomes engaged in the execution of
extracellular immune responses. At least two vesicle-
associated and SNARE protein-mediated exocytosis
pathways appear to drive focal and/or nondirectional
secretion of antimicrobial cocktails comprising pro-
teins, small molecules, and cell wall building blocks
into the apoplastic space. Both pathways have addi-
tional functions in plant development and might have
been coopted for immune responses. Bacteria and
fungi appear to have evolved counterdefense mole-
cules that intercept the secretion machinery by block-
ing vesicle formation from intracellular membranes.
Independently from this, plant plasma membrane
ATP-binding cassette-type (ABC) transporters act in
parallel defense pathways and serve as efflux pumps
for the targeted delivery of antimicrobials and/or
agents promoting chemical cross-linking of plant cell
wall polymers.

All multicellular eukaryotic organisms are exposed
to the danger of microbial pathogens. Unlike animals,
plants lack specialized and mobile immune cells to
engulf and dismantle microbial intruders. Plants resist
microbial attack using elaborate nonself surveillance
systems consisting of a repertoire of cell surface and
intracellular immune sensors. These receptors detect
the presence of parasites and trigger powerful im-
mune responses (for review, see Jones and Dangl,
2006). Microbial parasites have evolved diverse strat-
egies to enter hosts for nutrient retrieval and multipli-
cation. It is conceivable that plants have invented
execution mechanisms for immune responses that are
fine tuned to microbial entry routes. For example, most
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microbial pathogens such as bacteria and fungi first
come into contact with plant epidermal cells (Fig. 1). In
contrast to many bacterial pathogens of vertebrates
that multiply inside host cells, the majority of plant
pathogenic bacteria remain in the intercellular space
(apoplast) after entering the interior of plant organs
through natural openings such as stomata (Fig. 1).
Similarly, some fungal parasites such as Cladosporium
fulvum infect plant leaves by growth of fungal hyphae
in the apoplastic space (Thomma et al., 2005). Thus,
plants must have evolved defense mechanisms to
terminate extracellular colonization attempts. Even
for parasitic fungi that enter host cells through direct
penetration of the plant cell wall, pathogenesis is often
terminated prior to invasive growth at the host cell
periphery (Johnson et al. 1982; Hoogkamp et al., 1998),
indicating the existence of apoplastic defense.

The exterior of plant cells such as the cell wall or
leaf cuticle can be considered as preformed physical
barriers to invasive pathogens. Indeed, cell wall-
penetrating fungal species in general secrete hydro-
lytic enzymes to degrade the cuticles and cell walls of
plant cells and frequently form specialized pad-like
infection structures, called appressoria, to initiate en-
try into plant cells (Kolattukudy, 1985; Mendgen and
Deising, 1993; Knogge, 1996). In many cases plant cells
respond to such entry attempts by de novo cell wall
biosynthesis and by local deposition of the newly
synthesized cell wall material, including the (1 — 3)-8-
D-glucan callose, into the paramural space between
the cell wall and the plasma membrane (Aist, 1976;
Belanger et al,, 2002). This localized thickening is
called a papilla and is thought to represent an induc-
ible reinforcement of the cell wall against pathogen
entry. However, callose-rich papillae are also found at
contact sites between plant cells and bacteria that do
not penetrate plant cell walls (Bestwick et al., 1995),
thereby pointing to additional more complex roles in
plant defense.

One remarkable feature of pathogen-induced papil-
lae is their spatial confinement to microbial contact
sites (typically representing a small circular area at
the periphery of a single plant cell), suggesting direc-
tional delivery of cell wall precursors and/or cell wall-
synthesizing enzymes to incipient infection sites. Focal
redistribution of the actin cytoskeleton and the con-
gregation of cellular organelles such as the nucleus,
Golgi, the endoplasmic reticulum (ER), peroxisomes,
and vesicle-like structures beneath microbial contact
sites suggest that papilla formation may represent one
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Figure 1. Dual function of secretory pathways in plantimmune responses
and plant development. Leaf cross section showing epidermal and
mesophyll cell layers. Single plant cells target immune responses to
contactsites of fungal or bacterial pathogens, leading to papilla formation
(dark yellow semicircle) in the paramural space. The indicated flagellate
bacteria (red) enter the leaf interior through stomata and remain in the
apoplastic space for multiplication. The indicated fungal parasite (blue)
attempts to penetrate the plant cell wall to access nutrients from an
epidermal cell. Stomatal closure (denoted by short arrows) is one resis-
tance mechanism against bacterial ingress (Melotto et al., 2006). Known
vesicle-associated and SNARE protein-mediated exocytosis pathways
drive focal (long straight arrows) as well as nondirectional (semicircles
with arrowheads) secretion of antimicrobial cargo into the apoplastic
space. A second function of these secretory pathways in plant develop-
ment might involve constitutive nondirectional secretion of cell wall
building blocks and cell wall modifying enzymes during cell growth.

outcome of a complex microbe-induced cell polariza-
tion process (Bestwick et al., 1997; Schmelzer, 2002;
Takemoto et al., 2003; Koh et al., 2005). Pharmacolog-
ical or genetic disruption of actin polymerization in
plant cells impaired papilla formation and concomi-
tantly enhanced fungal entry rates (Kobayashi et al.,
1997; Schultheiss et al., 2003; Opalski et al., 2005;
Miklis et al., 2007), thereby revealing the relevance of
host cytoskeleton dynamics for immune responses
at the cell periphery. Of particular note, the bacterial
effector AvrPtoB of Pseudomonas syringae, which is
delivered inside plant cells during extracellular bacte-
rial colonization to suppress plant immune responses
through its E3 ubiquitin ligase activity (Abramovitch
et al., 2006; Rosebrock et al., 2007), is sufficient to
inhibit papilla formation and disease resistance to
P. syringae pv phaseolicola when expressed alone in
transgenic plants (de Torres et al,, 2006). However,
specific depletion of papillary callose in Arabidopsis
(Arabidopsis thaliana) pmr4/gsl5 mutant plants, which
lack one of 12 callose synthase-like family members,
enhances salicylic acid (SA)-dependent resistance re-
sponses to the powdery mildew fungi Erysiphe cruci-
ferarum and Golovinomyces orontii (Jacobs et al., 2003;
Nishimura et al., 2003). This hints at the existence of an
unexpected negative feedback system between partic-
ular papilla components and plant defense signaling.

Studies in Arabidopsis and Nicotiana benthamiana
have provided deeper insights in the ability of plant
cells to focally direct extracellular immune responses
and revealed several components of the underlying
secretion machinery. The dicotyledonous plant Arabi-
dopsis is immune to the grass powdery mildew fun-
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gus Blumeria graminis f. sp. hordei, which in nature
colonizes leaves of the host barley (Hordeum vulgare).
Several immuno-compromised Arabidopsis mutants
that allow increased fungal entry into leaf epidermal
cells were isolated. The corresponding wild-type genes
(designated PEN for penetration resistance) encode
secretion- associated and efflux-associated proteins:
plasma membrane-resident PEN1 syntaxin, peroxisome-
associated PEN2 glycosyl hydrolase, and the plasma
membrane-resident PEN3 ABC transporter (Collins
et al., 2003; Lipka et al., 2005; Stein et al., 2006). PEN1
has been shown to act genetically in a separate path-
way from PEN2 and PEN3 (Lipka et al., 2005; Stein
et al., 2006).

PEN1 syntaxin is a member of the superfamily of
soluble SNAREs that play a pivotal role in driving
intracellular vesicle fusion (Jahn and Scheller, 2006).
PEN1 was found to interact and form ternary SNARE
complexes with synaptosomal-associated protein of
33 kD (SNAP33) and vesicle-associated membrane
protein (VAMP) 721 or 722 in vitro as well as in vivo
(Kwon et al.,, 2008a). Of the 14 Arabidopsis VAMP
family members, VAMP721 is most closely related to
VAMP722, sharing 96% amino acid sequence identity.
Such ternary SNARE complexes are essential for var-
ious exocytosis-dependent processes in yeast, insects,
and animals (Jahn and Scheller, 2006). Plants express-
ing GFP-tagged VAMP722 display mobile fluorescent
endomembrane compartments (Kwon et al., 2008a).
Focal concentration of these at fungal entry sites
together with the integral plasma membrane protein
PENT1 (Assaad et al., 2004; Bhat et al., 2005) and the
peripheral membrane protein SNAP33 suggests that
directed ternary SNARE complex-mediated exocytosis
and the release of cargo from VAMP721/722 vesicle-
like compartments represents one mechanism of pre-
invasion resistance (Kwon et al., 2008a; Fig. 2). It will
be interesting to examine whether other Arabidopsis
syntaxins such as KNOLLE and SYP22, which are
essential for cytokinesis and gravitropism, respec-
tively, function through the formation of similar ter-
nary SNARE complexes, involving different SNAP
and/or VAMP family members (Lukowitz et al., 1996;
Yano et al., 2003). In Arabidopsis vegetative tissues, a
multitude of SNARE genes is expressed, encoding four
plasma membrane-resident syntaxins, two SNAPs,
and five VAMPs (Uemura et al.,, 2004; Lipka et al.,
2007). Conceptually, this provides ample opportunity
for the formation of distinct ternary SNARE complexes
and thereby specific secretory pathways acting in
diverse plant biological processes. For example, gene
disruptions of SNAP33 or VAMP721 plus VAMP722 are
lethal (Heese et al., 2001; Kwon et al., 2008a), whereas
penl syp122 dwarfed plants can still reproduce (Assaad
et al, 2004; Zhang et al., 2007). This suggests that
SNAP33 and VAMP721/722 can cooperate with plasma
membrane syntaxins other than PEN1 and SYP122 in
plant growth and development (see below).

It has long been thought that plant cells secrete toxic
cocktails of antimicrobial compounds and proteins
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Figure 2. Targeted vesicle-associated and SNARE protein-mediated secretion at microbial contact sites. The indicated vesicles
are targeted to the plant plasma membrane beneath a bacterial (right) or fungal (left) contact site along polarized actin cables (not
shown). Vesicles are thought to be loaded with cargo derived from the ER/Golgi protein secretory pathway. Vesicles contain
constitutive molecules required for the maintenance of plasma membrane and cell wall functions (blue squares) and/or transport
additional pathogen-inducible antimicrobial molecules (red squares), leading to the formation of a papillary cell wall scaffold
containing toxic cocktails (dark yellow semicircle). At contact sites with powdery mildew fungi (left), vesicle cargo is discharged
subsequent to ternary SNARE complex formation involving plasma membrane-resident PEN1 syntaxin (red line), SNAP33 (blue
line), and endomembrane-resident VAMP721/722 (black line). At contact sites with bacterial pathogens (right), resistance
responses require plasma membrane-resident SYP132 syntaxin (red line), and possibly SNAP33 (blue line) as well as yet
unknown VAMPs (black line). During immune responses to bacteria, expansion of the protein-folding machinery including BIP2
and DAD1 is believed to reflect an increased cellular requirement to build up secreted PR proteins in the ER (green). One defense
molecule secreted in a SYP132-dependent manner is the pathogen-inducible PR-1 protein. Fungi and bacteria can interfere with
the host secretory pathway by inhibiting ARF-GEFs, which regulate vesicle formation, using effector molecules such as brefeldin

A (BFA) or HopM1, respectively.

in response to pathogen attack that kill or limit the
growth of parasites. Pathogenesis-related (PR) pro-
teins were among one of the first described induced
responses of plants to microbial attack and are now
known to encompass at least 17 evolutionarily con-
served families (for review, see van Loon et al., 2006).
Although PRs are believed to function as executioners
of immune responses due to their antimicrobial activ-
ities in vitro, including lysis of microbial cell walls,
restriction of microbial growth was only rarely ob-
served when single members were constitutively ex-
pressed in transgenic plants (for review, see van Loon
et al., 2006). It is possible that in planta different PR
proteins act together and that the concerted action of
several family members is needed for effective antimi-
crobial activity (Melchers and Stuiver, 2000). Although
a subset of PR proteins are targeted to vacuoles, acidic
forms such as PR-1 typically contain an N-terminal
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signal peptide for secretion. Silencing of N. benthamiana
SYP132 (NbSYP132), the ortholog of the plasma
membrane-resident Arabidopsis SYP132 (AtSYP132),
resulted in a delay of extracellular PR-1 accumulation
after inoculation with P. syringae pv tabacina (Pstab),
although the PR protein was produced and detectable
at high levels in tissue after extraction of apoplastic
proteins (Kalde et al.,, 2007). Because other tested
defense-associated responses were unaffected in the
NbDSYP132-silenced plants, this suggests a specific role
for the NbSYP132 syntaxin in PR-1 secretion. Importantly,
NbDSYP132 silencing not only compromised resistance
(R) gene-mediated (race-specific) resistance to Pstab
expressing the avirulence protein AvrPto, but also
impaired basal resistance to disarmed P. syringae pv
tomato hrpA~ mutants that cannot deliver effectors
into plant cells by the type III secretion system, and
blocked chemically induced systemic acquired resis-
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tance (SAR) to Pstab (Kalde et al., 2007). Thus,
NbSYP132 appears to be a convergence point of these
three forms of disease resistance to this bacterial
pathogen. Silencing of NbSYP121, the N. benthamiana
ortholog of AtPENI, neither affected R gene-triggered
resistance nor PR-1 secretion (Kalde et al.,, 2007).
Therefore, if NbSYP132/AtSYP132 act like AtPEN1
(AtSYP121) through the formation of ternary SNARE
complexes, then VAMP family members other than
VAMP721/VAMP722 must be engaged in PR-1 secre-
tion (Fig. 2). This suggests the existence of at least two
distinct vesicle-associated immune response pathways
and predicts that if VAMP721/VAMP722 export PR
proteins, these must be different from PR-1 (Fig. 2).
The establishment of SAR in Arabidopsis requires
accumulation of the endogenous signaling molecule
SA as well as nuclear activity of the master regulator
NPR1 and is tightly correlated with the accumulation
of PR proteins (Dong, 2004). One target of nuclear
NPR1 are TGA transcription factors, which in turn are
directly involved in the regulation of PR genes (Zhang
et al., 1999; Despres et al., 2000; Zhang et al., 2003; for
review, see Fobert and Despres, 2005). NPR1 also
directly and coordinately up-regulates the expression
of genes in the protein secretory pathway, probably
involving other, as yet unknown, transcription factor(s)
that act through a common cis-acting element present
in the promoters of these genes (Wang et al., 2005). In
mutant plants lacking the ER-resident secretion-related
proteins BIP2, SEC61«, or DAD1, SAR-mediated growth
restriction of virulent P. syringae pv. maculicula was
impaired and correlated with reduced PR-1 secretion
(Wang et al., 2005). It is thought that the coordinated
up-regulation of the secretory machinery during SAR
reflects the need for cells to accommodate a massive
buildup of secreted PR proteins. This finding together
with the requirement of NbSYP132 for SAR and PR-1
secretion in N. benthamiana (Kalde et al., 2007) suggests
a molecular process in which NPR1 expands the ER
secretory capacity and, through a parallel pathway, also
triggers biosynthesis of PR proteins. A subset of the
latter, including PR-1, might then become destined for
export along the ER/Golgi route, reaching the apoplast
by vesicle-mediated transport and SYP132 syntaxin-
dependent discharge at the plasma membrane (Fig. 2).
Although the above framework for gene activation
and cellular routing of PR-1 secretion in SAR is now
genetically underpinned, the causal relationship be-
tween extracellular PR protein accumulation and
microbial growth restriction during SAR remains un-
clear. Ironically, although the PR-1 protein family is
strongly conserved in all tested plant species and high-
resolution structures of select family members exist,
their in planta function is the least understood of all
conserved PR families. However, PR-1 homologs in
nonplant species might exhibit Ser protease activity,
raising the possibility that plant family members act as
extracellular substrate-specific proteases (Milne et al.,
2003; Serrano et al., 2004). Given that overexpression
of individual PR-1 genes in tobacco (Nicotiana tabacum)
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conferred slightly enhanced resistance to Peronospora
tabacina and Phytophthora parasitica pv nicotianae but
not to Pstab or several viruses (Linthorst et al., 1989;
Alexander et al., 1993) and that constitutive expression
of other single PR genes resulted in little, if any,
enhanced resistance to parasites (van Loon et al,
2006), SYP132 is likely to mediate exocytosis of an
antimicrobial cocktail rather than a single toxic prin-
ciple. Thus, we hypothesize that PEN1 and SYP132
syntaxins are plasma membrane-resident components
of two execution machineries in two secretory immune
response pathways for the release of at least partly
distinct antimicrobial cocktails (Fig. 2).

Neither of the abovementioned secretory pathways
function exclusively in immune responses. Whereas
Arabidopsis plants harboring null mutations in either
PEN1 syntaxin or in its closest homolog SYP122 are
macroscopically indistinguishable from the wild type,
penl sypl122 double mutants show severe dwarfism
that is only partially due to deregulated SA signaling
(Assaad et al., 2004; Zhang et al., 2007). Thus, PEN1
and SYP122 share overlapping and redundant func-
tions required for normal plant growth. Unlike penl
mutants, however, syp122 plants retain wild-type-like
resistance to B. graminis f. sp. hordei, pointing to an
apparent functional specialization of PEN1 in plant
defense responses (Assaad et al., 2004). Gene silencing
of NbSYP132 syntaxin impaired not only resistance to
Pstab, but also perturbed plant developmental pro-
cesses, leading to morphological aberrations such as
shorter stems and petioles, thicker leaves, and partial
loss of apical dominance (Kalde et al., 2007). This
suggests dual functions for NbSYP132 in plant devel-
opment and immune responses. Arabidopsis SNAP33,
which interacts with PEN1 and VAMP721/722 in the
immune secretory pathway to powdery mildews and
Hyaloperonospora parasitica (see above), was originally
isolated by its ability to interact with KNOLLE, a
syntaxin required for cytokinesis (Heese et al., 2001).
Clearly, lethality of snap33 mutants before flowering,
associated with dwarfism, cytokinetic defects, and
necrotic leaf lesion formation, points to additional
SNAP33 engagement(s) in essential cellular processes
other than immunity (Heese et al., 2001). Finally, double
homozygous mutations in Arabidopsis VAMP721 and
VAMP722 lead to embryo lethality, and constitutive
gene silencing of both genes results in stunted growth
(Kwon et al., 2008a). Together with the immunodefi-
ciency of VAMP721"/~ VAMP722~/~ and VAMP721~/~
VAMP722*/~ plants to powdery mildews and H. para-
sitica that show otherwise wild-type-like morphology,
this demonstrates dual functions of these VAMPs in
separate biological processes.

This raises the question whether VAMP721/722
vesicles transport identical, overlapping, or distinct
cargoes during plant growth/development and im-
mune responses. A change from nondirectional to
directional movement of GFP-VAMP722-tagged vesi-
cles toward incipient B. graminis f. sp. hordei or Erysiphe
pisi entry sites (Kwon et al., 2008a) suggests that plant
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cells reutilize the preexisting secretory machinery for
focal discharge of cargoes transported by VAMP721/
722 endomembrane containers. The delayed formation
of papillae observed in both penl and VAMP721/722-
silenced plants (Assaad et al., 2004; Kwon et al., 2008a)
implies that cell wall precursors and/or cell wall-
synthesizing enzymes are potential cargoes delivered
via VAMP721 /722 vesicle-like structures. Thus, a change
from nondirectional to directional vesicle transport,
driven by focal reorganization of the actin cyto-
skeleton, could explain the formation of papillae and
does not necessarily involve a change of vesicle load
during preinvasion resistance. However, VAMP721/
722-dependent cargo can also restrict the growth of
virulent G. orontii and H. parasitica that have largely
overcome preinvasive immunity, thereby pointing to
an additional role of these VAMPs in restricting sub-
sequent postinvasive immune responses (Kwon et al.,
2008a). Hence VAMP721/VAMP722 might also carry
antimicrobial cargo that is synthesized de novo upon
transcriptional reprogramming for defense (see above;
Fig. 2). This predicts dynamic changes of vesicle cargo
during the infection process. To date, PEN1 syntaxin
has been shown to restrict fungal entry only in leaf
epidermal cells, whereas N. benthamiana SYP132 syn-
taxin limits bacterial growth in the interior of leaves
(Collins et al., 2003; Kalde et al., 2007; Kwon et al.,
2008a). Thus, tissue or even cell type-specific secretory
cocktails could add a further layer of complexity and
might contribute to an overall spatiotemporal control of
secretory processes at attempted infection sites (Fig. 1).

One evolutionarily conserved response of flowering
plants to pathogenic microorganisms that distin-
guishes the plant from the animal immune system
involves the biosynthesis of small antimicrobial mol-
ecules (Dixon, 2001; Field et al., 2006). Many of these
metabolites are known to be secreted in a pathogen-
inducible manner by plant roots or leaves (Zook and
Hammerschmidt, 1997; Churngchow and Rattarasarn,
2001; Bais et al., 2005; Bednarek et al., 2005), suggesting
that the secretion of toxic phytochemicals could have
general significance for growth restriction of diverse
pathogen classes. In addition, a number of plant
secondary metabolites, including pathogen-inducible
representatives, are covalently bound to cell wall
components (McLusky et al., 1999; Hagemeier et al.,
2001; Tan et al., 2004). These cell wall-bound com-
pounds must be translocated through the plasma
membrane before they reach their destination com-
partment, and such a process would require active
transport mechanisms. All these observations make
plant secondary metabolites likely components of the
toxic cocktail transported in secretory vesicles to sites
of incipient pathogen ingress. A striking example
supporting such a hypothesis comes from studies in
sorghum (Sorghum bicolor) following inoculation with
the fungus Colletotrichum graminicola, which in nature
colonizes maize (Zea mays). In this nonhost interaction,
sorghum leaves respond to fungal attack by the accu-
mulation of red-colored 3-deoxyanthocyanidin phyto-
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alexins (Snyder and Nicholson, 1990; Snyder et al.,
1991). Microscopic studies revealed that these com-
pounds accumulate in inclusion bodies that are
formed in the cytoplasm of attacked epidermal cells.
These vesicle-like structures move toward sites of
attempted penetration and focally accumulate beneath
the fungal appressorium, leading to high local phyto-
alexin concentrations at incipient entry sites (Snyder
and Nicholson, 1990; Nielsen et al., 2004). Similarly, the
formation of vesicle-like structures containing auto-
fluorescent hydroxycinnamic acid amides, feruloyl-3'-
methoxytyramine and feruloyltyramine, has been re-
ported in onion (Allium cepa) epidermal cells upon
challenge inoculation with the necrotrophic fungus
Botrytis allii (McLusky et al., 1999). These vesicle-like
structures move directionally toward B. allii entry
sites. The polarized transport correlates with a reor-
ganization of the actin cytoskeleton and results in a
chemical cell wall reinforcement that involves binding
by ether linkages of vesicle-transported hydroxycin-
namic acid amides (McLusky et al., 1999). These data
corroborate the idea that the mechanism underlying
preinvasion resistance might involve directed trans-
port of intracellular vesicles along polarized actin
cables toward pathogen contact sites.

A conceptually similar framework for defense-
related focal secretion appears to have been indepen-
dently invented in the vertebrate immune system.
In vertebrates, mobile T cells form intimate junctions
with target cells such as an antigen-presenting cells to
execute immune responses (Huppa and Davis, 2003;
Billadeau et al., 2007). This inducible and transient
cell-cell junction is called the immunological synapse
(IS). Upon recognition of nonself peptides on the cell
surface of a target cell by the T-cell receptor, helper T
cells secrete cytokines to activate neighboring sleeping
T cells, and cytotoxic T cells (CTLs) release cytolytic
molecules to kill target cells (Stinchcombe and Griffiths,
2007). The release of cytolytic molecules from CTLs
is tightly controlled and involves polarization of the
cytoskeleton and precise delivery of lytic granules
across the IS. Indeed, genetically inherited disorders of
this process are linked to mutations in genes encoding
exocytosis-associated factors such as syntaxin 11,
Rab27a, and Munc13-4 that drive or regulate vesicle
fusion with the plasma membrane of CTLs (Menasche
et al., 2000; Feldmann et al., 2003; zur Stadt et al., 2005).
Directed vesicle-mediated discharge of cytolytic cargo
through the IS spares neighboring cells and the CTL
itself from undergoing cytolysis. Because VAMP721/
722 endomembrane compartments are likely to trans-
port toxic cargoes as well as cell wall-forming building
blocks, we hypothesized that papillae in plants might
provide a structural scaffold to contain released toxic
molecules at high concentrations in the paramural
space (Kwon et al.,, 2008b). By this means, papillae
might serve a role as a self-protection mechanism for
host cells during secretory immune responses.

Because SNARE protein function is now known to
restrict the growth of different pathogen classes in-
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cluding bacteria, fungi, and oomycetes (Kalde et al.,
2007; Kwon et al., 2008a), the plant vesicle trafficking
machinery might have become prone to microbial
sabotage. Indeed, the conserved P. syringae effector
HopM1 interferes with the plant secretion system by
association with the plant endomembrane system
and by degrading an ADP ribosylation factor gua-
nine nucleotide exchange factor (ARF-GEF), possibly
through engagement of the plant ubiquitination-
dependent proteasome machinery (Nomura et al.,
2006; Fig. 2). Whereas GTP-binding ARFs serve a
central role in vesicle trafficking, either by directly
activating and inactivating vesicle coat protein re-
cruitment and dissociation or by facilitating binding
of coat protein to vesicle cargo, ARF-GEFs specifically
activate ARFs by facilitating exchange of its bound
GDP for GTP (for review, see Nie et al., 2003). The find-
ing that insertion mutants in the Arabidopsis At3¢43300
gene—encoding one of eight Arabidopsis ARF-GEF fam-
ily members—restore bacterial growth of P. syringae
mutants lacking HopM1 (Nomura et al.,, 2006) has
implicated an ARF-GEF family member in bacterial
resistance. It is possible that the HopM1-targeted ARF-
GEF family member is involved in the generation of a
vesicle subpopulation loaded with cargo that is sub-
sequently discharged at the plasma membrane by
SYP132 syntaxin (see above). To date, only one other
Arabidopsis ARF-GEF, called GNOM, has been as-
signed to a biological process, mediating endosomal
recycling, auxin transport, and auxin-dependent plant
growth (Geldner et al., 2003). Interestingly, treatment
of wild-type Arabidopsis with brefeldin A also re-

stored bacterial growth of P. syringae mutants lacking
HopM1 (Nomura et al., 2006). Brefeldin A specifically
inhibits the exchange of bound GDP for GTP in ARFs
by binding to ARF-GEFs such as Arabidopsis GNOM
(Geldner et al., 2003). The macrolide fungal metabolite
brefeldin A has been detected in a wide range of fungi,
including species of Alternaria, Ascochyta, Penicillium,
Curvularia, Cercospora, Phyllosticta, and Phoma, several
of which are either parasites or endophytes of plants
(Wang et al., 2002; Weber et al., 2004). It is thus possible
that one function of brefeldin A is to suppress plant
immune responses. If so, then both fungal brefeldin A
and bacterial HopM1 intercept the immune response
secretion machinery by inhibiting vesicle formation
rather than the later stage of vesicle fusion with the
plasma membrane via ternary SNARE complex for-
mation (Fig. 2).

Experimental evidence suggests that plants evolved
yet another mechanism for delivery of toxic plant
secondary metabolites that might act independently
from vesicle trafficking and fusion events with the
plasma membrane. This mechanism appears to utilize
plasma membrane ABC transporters as pumps for the
release of small molecules on the cell surface. One
transporter implicated in the secretion of plant anti-
microbials is NpABC1/PDR1 from tobacco thought to
be involved in the release of sclareol, an antifungal
terpenoid, on the leaf surface of Nicotiana spp. (Jasinski
et al., 2001; Fig. 3). Involvement of this particular ABC
transporter in plant responses to microbial infection
was inferred from the responsiveness of NpABC1/
PDR1 expression upon treatment of plants with a

NpPDR1

/()
(ilig /"\0
CH;
CH3 CHj

Sclareolide

PEN3

A

Glucoses «— m

Glucosinolates

Peroxisome

Figure 3. Pathogen-triggered and ABC transporter-driven efflux of small molecules into the apoplast. Plants secret a wide range of
secondary metabolites in response to pathogen challenge. In tobacco, the PDRT ABC transporter is required for the translocation of
sclareolide, a toxic phytochemical (left). In Arabidopsis, the PEN3 ABC transporter is required for preinvasive resistance to a broad
range of fungal parasites (right). Genetic and biochemical data suggest that peroxisome-associated PEN2 glycosyl hydrolase
generates toxic products from glucosinolates that are translocated into the apoplast by PEN3. Due to the self-cytotoxicity of the
secreted secondary metabolites, it is likely that their generation and release may occur in direct proximity to microbial contact sites.
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range of pathogen-associated molecular patterns and
phytopathogens (Sasabe et al., 2002; Stukkens et al.,
2005). Moreover, transgenic tobacco plants in which
pathogen-triggered up-regulation of NpPDR1 gene
expression was blocked by gene silencing showed
enhanced susceptibility to Botrytis cinerea (Stukkens
et al., 2005), thus strongly supporting a functional
contribution of NpPDRI1 to plant immunity.

In Arabidopsis, the plasma membrane-resident
PEN3/PDRS transporter was found to focally accu-
mulate beneath sites of attempted fungal entry of leaf
epidermal cells. Moreover, mutant pen3 plants permit
increased entry rates of the nonadapted powdery
mildews Blumeria graminis or E. pisi and are hypersus-
ceptible to the necrotrophic fungus Plectosphaerella
cucumerina (Stein et al.,, 2006). This suggests that
PENS3, similarly to NpPDR]1, serves as one component
of a machinery for targeted efflux of antimicrobials
and/or chemical agents for cross-linking of the cell
wall. Genetic evidence indicates that PEN3 is involved
in the same biochemical pathway as peroxisome-
associated PEN2 glucosyl hydrolase (Stein et al.,
2006; Fig. 3). This protein, like PEN3, is an essential
component of effective nonhost resistance to several
nonadapted fungal parasites (Lipka et al., 2005; Stein
etal., 2006). Upon establishment of fungal contact sites
on the Arabidopsis leaf surface and invasion attempts
into single leaf epidermal cells, peroxisomes together
with associated PEN2 focally accumulate beneath
incipient entry sites. Recently obtained data suggest
that PEN2 possesses myrosinase (Grubb and Abel,
2006) activity and can cleave Glc from indole gluco-
sinolates (P. Bednarek and P. Schulze-Lefert, unpub-
lished data; Fig. 3). However, unlike conventional
myrosinase, PEN2-dependent myrosinase activity
can be triggered in vivo without tissue damage/cell
death. In this context it seems likely that the enzyme
might act on substrates only after its pathogen-triggered
relocalization (Lipka et al., 2005), thereby releasing at
high concentrations biologically active end product(s)
at attempted entry sites. One hypothesis is that PEN3
translocates PEN2-myrosinase generated molecules
into the apoplastic space. Thus, both proteins, most
likely together with other as yet uncharacterized com-
ponents, may constitute a secretory immune response
pathway for small molecules with broad-spectrum
antimicrobial activity (Fig. 3).

OUTLOOK

The existence of at least two secretory immune
systems, acting in parallel or sequentially in the same
host cell (PEN1, SNAP33, VAMP721/VAMP722, and
PEN2, PENS3, respectively), raises questions regarding
its functional significance. This could have the advan-
tage of enabling cellular self-protection if the PEN2/
PEN3 pathway synthesizes and translocates protoxins
that are activated to toxins by apoplastic enzymes,
which in turn are delivered as vesicle cargo via the
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SNARE protein-dependent pathway. Such extracellu-
larly activated toxic cocktails could be contained within
the papillary cell wall scaffold and, together with
chemical cross-linking of the newly synthesized cell
wall polymers, might form a fine-tuned chemical and
structural barrier against microbial intruders. Clearly,
defining the repertoire of pathogen-triggered secreted
antimicrobial compounds, proteins, and cell wall build-
ing blocks, as well as their intracellular biosynthesis
compartments, represents one of the next challenges.
This will be key in addressing an unresolved question
in plant-microbe interactions: what terminates micro-
bial growth during plant immune responses?
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