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Plant defense responses are initiated by ligand-receptor
recognition. The receptor may contain a motif for endocytosis
and endocytosis is important for defense signaling in some
cases.Recently, endosomal trafficking during defense has
begun to be elucidated. In some cases, defense receptors are
internalized into early endosomes, recycled back to the
plasma membrane (PM) on recycling endosomes, and
targeted for degradation via the late endosome pathway in an
ESCRT dependent manner.Endosomal signaling has been
proposed for several receptors. Defense receptors have
been shown to reside on endosomes during the signaling
time window. Increasing the endosomal presence of a
receptor can cause a concomitant increase in signaling,
while abolishing the formation of endosomes after the
receptor has already been internalized can cause signaling
attenuation.
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Introduction

Receptor-mediated plant immunity is activated upon
the recognition of a microbial associated molecular pat-
terns (MAMPs) by surface-localized immune receptors
or the stimulation of cytoplasmic immune receptor by a
pathogen effector protein [1]. Leucine-rich-repeat re-
ceptor kinases (LRR-RLKs) and Leucine-rich-repeat
receptor like proteins (LLRR-RLPs) respond to con-
served MAMPs by producing a defense response upon
detection [2,3] Recognition between the immune re-
ceptor and its corresponding MAMP/elicitor activates a
signal transduction cascade which can include various
defense responses [4].
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Many molecules which activate plant defense have been
documented, of both pathogen and non-pathogen origin
[5]. In several cases, the molecule which activates plant
defense is the ligand of a known receptor [6,7].

In several cases where the defense responses are initiated
by a ligand-receptor association, the defense receptor
contains an endocytic motif, and endocytosis has been
shown to be a crucial step in the recognition between the
receptor and the ligand [8-10,11°°]. This review will focus
on recent advances in endocytosis, endosomal trafficking
and endosomal signaling during plant defense mediated
by LRR receptors.

Requirements for ligand-induced defense
Defense receptors which possess an LRR motif are
numerous and have been identified in many plant (as
well as mammalian) species [12,13]. The LRR domain is
thought to confer specificity to the ligand [14-16], and
has been shown to be crucial for effector recognition and
signal transduction in the case of (f4 and Cf9 which
mediate defense responses elicited by Avr4 or Avr9 from
Cladosporium fuloum [17], Vel which mediates defense in
response to the fungal wilt pathogen Verticillium
[18,19°°], and LeEix2 which mediates defense in
response to ethylene inducing xylanase (EIX; Bar and
Avni, personal communication). Several defense recep-
tors have also been shown to contain an endocytosis
motif. In the case of LeEix2, mutating the clathrin- type
endocytic YXX® motif abolishes the ability of the re-
ceptor to respond to the ligand and mediate defense
responses [20]. The tomato Cf LRR-RLP receptors
which mediate signaling in response to MAMPs derived
from C. fuloum also contain a YXX® endocytosis motif.
The Vel receptor also contains two types of endocytic
motifs, a C-terminal E/DXXXL® motif and a YXX®
motif [22], though both were recently reported not to be
required for Vel functionality [19°°], although they may
still mediate Vel endocytosis. FLLS2, the LRR-RLK
which mediates the response to flagellin, was reported
to contain an atypical YXXX® motif [23], as well as a
PEST-like endocytosis motif which was also reported to
be required for FLLSZ internalization and possibly sig-
naling [10,24°°].

LRR-RLPs in particular have been previously
described as ‘lacking any particular domain in the short
cytoplasmic c-terminal tail’, perhaps underscoring baf-
flement at the mechanism by which a defense signal is
transduced from receptors lacking kinase activity. It is
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therefore not surprising that co-receptors have recently
emerged as important for defense signaling in several of
these systems. The suppressor of BAKI-interacting
RLK-1 (BIR1), termed SOBIR1, was found to interact
in planta with Cf4 and Vel, and to be required for
signaling mediated by these receptors. Knock-down
of SOBIR1 attenuated Cf4 and Vel signaling. SOBIR1
also interacts with LeEix2 and additional RLPs, but did
not interact with RLKs such as FLLS2, CLV1 or BAK1
[25,26°°].

The co-receptor BAK1 was shown to dimerize with FLLS2
and EFR, affecting their signaling. The signal trans-
mitted by these receptors is reduced in the absence of
BAK1 [27], and cannot be rescued by a BAK1 lacking
proper kinase activity [27-29]. BAK1 also binds LeEix1,
and was shown to be required for the ability of LeEix1 to
attenuate LeEix2 signaling [30]. The kinase activity of
BAK1 was also required in this case. Vel also requires
BAK1 for proper signaling in tomato [31], while Cf4
mediated responses are compromised upon the silencing
of tomato SERK1 [32°].

Concomitantly with the documented endocytosis motif of
several known defense receptors, internalization itself
was also shown to be required for proper defense signaling
in some systems [3,20,33], indicating that the endocytic
motif present in these defense receptors can mark them
for internalization as part of the defense pathway, that is,
the endocytosis motif serves to indicate that the intern-
alization of the receptors is related to the defense process
itself and not only to a recycling or degradation require-
ment the receptor may have. Blocking internalization of
LeEix2 pharmacologically lead to disruption of the
defense response. Blocking internalization of LeEix2,
Cf4 and Cf9 by overexpression of the EH-domain protein
EHD?2 also interfered with signaling of these receptors
[33].

Membranal components have also been shown to be
required for endocytosis that occurs during plant defense
responses. Endocytic processes and vesicular transport in
general require participation of membrane components
that form transport vesicles with a capability to store and
process a number of molecules known to participate in
cell signaling [34]. Pharmacological inhibition of phos-
pholipid synthesis has been documented to interfere with
plant defense responses [8,35,36]. Inhibition of PI3-
kinase using Wortmannin or LY294002 prevents intern-
alization of the LeEix2 receptor [8], and proper EIX
induced signaling [11°°]. Phospholipase DB (PLDp)
mRNA was found to accumulate specifically in response
to EIX [36]. In untreated cells, PLD localized to the
cytosol, while in EIX treated cells, PLDR localized to
vesicles in the cytosol. Further, PLD@ silenced cells
exhibited a strong decrease in EIX-induced PLLD activity
[35]. Tomato cells treated with EIX showed an increase in
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phosphatidic acid (PA) and a decrease in intracellular PIP,
as well as an increase in extracellular phosphatidylinositol
4-phosphate (PI4P). Interestingly, addition of PI4P to
tomato cell suspensions triggered the same defense
responses as those induced by EIX [37]. Alteration of
the phosphatidyl inositol (PI) pathway in plant cells has
also been reported to affect plant responses to abiotic
stress [38]. We recently demonstrated that tomato cyclo-
propyl isomerase (SICPI), a membrane protein involved
in sterol biosynthesis, binds directly to LeEix2 and
enhances signaling upon overexpression, while knocking
down S/CPI attenuates defense responses elicited by
EIX. Overexpression of S/CPI also stimulates the sig-
naling of Cf9, but does not affect the signaling of the
cytoplasmic receptor Pto [39°].

In several cases where endocytic internalization is critical
for defense response transmission, components of the
clathrin pathway have been shown to be required for
the endocytic process. The LeEix2 receptor was
suggested to interact with the clathrin adaptor complex
through Eps15-homology Domain 2 (EHD2) [40], and
overexpression of the clathrin HUB domain inhibited
LeEix2 mediated signaling [11°°]. Overexpression of
clathrin HUB was also reported to abolish cryptogein
induced endocytosis and expression of defense genes
[9,41].

Endosomal trafficking during plant defense

The best characterized plant defense receptors in the
context of endosomal trafficking are LLeEix2 and FLS2.
Using spinning disc confocal microscopy, we previously
characterized endosomal movement in the LeEix2
mediated system [11°°]. The LeEix2 receptor can be
internalized independent of ligand binding, though the
percentage of LeEix2 endosomes greatly increases fol-
lowing exposure to EIX [11°°]. Following EIX treatment,
a subpopulation of endosomes exhibits directional move-
ment. EIX also causes endosomes to move faster and to
greater distances. EIX treatment leads to enrichment in
endosomes which are directional as well as in tubular
endosomes, which may be related to the TGN, and in
which sorting functions can possibly occur. The FYVE
domain is a conserved protein motif characterized by its
ability to bind with high affinity and specificity to phos-
phatidylinositol 3-phosphate (PI(3)P), a phosphoinositide
highly enriched in early endosomes [42]. Interestingly,
endosomes which contain a smaller amount of FYVE,
exhibit greater displacement in response to EIX than
endosomes which contain higher amounts of FYVE,
seeming to indicate that there are different endosomal
classes (which contain LeEix2 in response to EIX), and
not all endosomal classes exhibit similar movement.
Directional movement in response to a MAMP/elicitor
could stem from targeting to particular cellular organelles,
said targeting being a component of the plant defense
response or a mechanism originating from the pathogen or
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organism from which the elicitor is derived. An intact
cytoskeleton is required for EIX induced signaling,
possibly indicating that directional movement following
EIX treatment occurs on actin filaments. Actin also has
documented roles in endocytosis in general [43]. The
changes in endosomal content following EIX treatment
may also indicate that a particular subpopulation of cel-
lular endosomes is involved in EIX/LLeEix2 transport and
signaling (Box 1).

Interestingly, reorganization of cytoskeleton and vesicle
trafficking was demonstrated in the interaction between
plant cells and microorganisms [44]. The cytoskeleton
has been known to be linked to fungal pathogenesis for
many years [45]. More recently, effects on the actin

Box 1 Vesicular trafficking in plant cells

Endosomes in plant cells share functionality with those in animal
cells, though the organization of endosomal compartments and
trafficking pathways in plants can be different and has some
distinctive features [57]. Plant endocytosis has commonly been
traced using the fluorescent styryl dye FM4-64 which labels the
plasma membrane, is up taken by endocytosis and transported
through endosomal compartments to the vacuole [58]. Inhibitors that
block distinct steps in endosomal trafficking pathways have been
employed to better characterize plant trafficking and attempt to
pinpoint the role of various proteins within this system. From these
analyses two distinct plant endosomal compartments have emerged,
the trans Golgi network (TGN)/early endosome (EE) and the late
endosome (LE)/Multi-Vesicular-Body (MBV)/Pre-Vacuolar Compart-
ment (PVC) (see Figure 1). Interestingly, the previously postulated
GNOM-positive recycling endosome was in fact found to most
probably have been the Golgi apparatus (GA) [59], indicating that the
GA may be involved in recycling.

EEs are the first endomembrane compartments that receive
endocytic cargo after internalization. It has been suggested that in
plants, rather than a separate early endosome, the TGN possesses
the early endosome function and is the first site for delivery of
endocytosed material [60]. The contents of the early endosome may
be recycled back to the plasma membrane, may continue along the
endocytic pathway, possibly culminating in degradation, or may also
be transported to earlier compartments of the secretory pathway.

MVBs/LEs are also on the endocytic pathway in plants [61], and
contain vacuolar sorting receptors and vacuolar proteins that are en
route to the vacuole [62-65]. Several Rab GTPases were shown to
localize to MVBs and to also co-localize with a PVC marker, but not
an EE or TGN marker, confirming that MVBs correspond functionally
to both a LE and a PVC [64,66,67]. Plasma membrane proteins are
found in internal vesicles of MVBs, indicating that they are en route to
the vacuole for degradation and that recycling to the plasma
membrane probably occurs from an earlier compartment, either the
TGN or a separate RE [60].

The internal vesicles of MVBs are generated through the endosomal
sorting complex required for transport (ESCRT) machinery. This
machinery consists of several protein complexes that function in the
invagination of the limiting endosomal membrane and release of the
vesicles formed, and in targeting of vacuole-destined plasma
membrane proteins into these vesicles [68]. It has been suggested
that the ESCRT proteins probably function in LE maturation and
sorting of cargo proteins for degradation [69,70].

cytoskeleton during defense responses have also been
documented, whereby a rapid increase in actin filament
abundance was observed during the immune response to
bacteria in tomato [46°°], possibly reflecting an increased
need for trafficking. Interestingly, the EH domain
protein EHDZ, which inhibits endocytosis, also induces
changes in the actin cytoskeleton upon overexpression
[40], and was shown to be transiently overexpressed
following EIX treatment [8].

We have also observed the LeEix2 receptor in MVBs (Bar
and Avni, personal communication) and believe that part
of the activated receptor may be targeted for degradation.
It seems probable that LeEix2 trafficking would therefore
also depend on ESCRT machinery. Pharmacological
studies have also led to the insight that L.eEix2 signaling
— and therefore possibly also trafficking (or trafficking of
downstream components) — is sensitive to Wortmannin,
1-butanol, Dag-Kinase inhibitor, Endosidin 1, and, to a
lesser extent, BFA [11°°]. These analyses have shed light
on the trafficking and endosomal compartments which
may be involved in the signal mediated by LeEix2.

In the FLS2 receptor system, Robatzek and colleagues
previously characterized the internalization of FLS2 fol-
lowing flg22 treatment [10]. They found that ligand
activation of FLS2 is required for its internalization,
and suggested that internalization may be required for
certain aspects of the defense response against flagellin.
However, work published recently by Smith and col-
leagues [47°°] indicates that at least certain aspects of
the defense response against flagellin such as MAP kinase
activation and ROS production (as also suggested in [10])
are not dependent on receptor internalization. With
respect to FLLSZ trafficking, following ligand elicitation,
FLS2 was found to traffic through EE/TGN vesicles and
to subsequently arrive at the LE/MVB, possibly to be
targeted for degradation [24°°48°°]. Impairing the
ESCRT complex by decreasing ESCR'T-I causes attenu-
ation of both FLS2 internalization and immunity of
Arabidopsis to pseudomonas [48°°]. Further, FLS2 was
found to constitutively re-cycle via BFA-sensitive com-
partments, independently of ligand activation or protein
synthesis. However, upon ligand (flg22) activation, the
FLS2 receptor was found to internalize and traffic via
ARA7 and ARA6 endosomes which are insensitive to BFA
treatment [24°°]. The same work analyzed time-frames of
FLS2 receptor endocytosis and found a peak of FLLS2
residence on endosomes 60—75 min after elicitation.

A model for receptor trafficking during plant defense
responses is proposed in Figure 1.

Endosomal signaling during plant defense

In mammalian systems is has been documented that
while cell surface signaling is transient in nature (second
to minutes), endosomal signaling can sustain for longer
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A model for receptor trafficking during plant defense responses. LeEix2,

FLS2 and possibly also the tomato Cf family receptors are internalized in a

ligand dependent manner into early endosomes (which are also trans-Golgi-network (TGN) related vesicles). EHD2 can inhibit receptor internalization
and attenuate the signaling of LeEix2 and Cf4/9. LeEix and FLS2 can also be internalized ligand-independently, presumably for degradation. Cf4 and
Ve1 require SOBIR1 for signaling, while FLS2 requires BAK1 for signaling. LeEix2 was also shown to bind SOBIR1. In the TGN receptors undergo
sorting, and can be recycled back to the plasma membrane on early endosomes or specialized recycling vesicles derived from the early endosome.
Receptors are also sorted for degradation via the late endosomes/Multi-Vesicular-Body (MBV)/Pre-Vacuolar Compartment (PVC).

times (minutes to hours) by the increased residence of
the activated receptor in endosomes [49]. Although
signaling was classically considered to occur on the
plasma membrane (PM) only, Bergeron, Posner and
colleagues were the first to observe that shortly after
ligand addition the majority of activated epidermal
growth factor receptors (EGFRs) and their downstream
signaling factors such as Shc, Grb2 and mSOS were
found not on the PM but on early endosomes [50],
suggesting that EGFR signaling continues from this
compartment [51]. Mammalian endosomes are now
known to participate in a variety of different signaling
pathways [52]. There seems to be no reason why plant
endosomes should not prove to be diverse signaling
platforms. In fact, endosomes are an ideal locale for

signaling origination, given the accumulation of acti-
vated receptors and certain signaling components in a
‘simplified’ and enriched microenvironment which may
in fact prove to be an ad hoc signaling compartment.
Evidence to this effect has begun to accumulate.

BRI1 (for Brassinosteroid Insensitive 1, is an LRR-RLK
which functions in plant development). In one case, [53]
it was reported that treatment with BFA enhanced BRI-
dependent signaling by causing accumulation of BRI in
endosomal compartments, and the authors suggested that
the use of endosomes as signaling compartments may be
conserved among cukaryotes. However, a more recent
report found BRI1 to transmit its signal primarily from the
PM [54] (see below).
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Similar to mammalian systems, signaling can occur
directly from the PM in plant cells. A recent work
demonstrates that BRI1 transmits its signal from the
membrane [54]. Interestingly, inhibiting endocytosis
caused the signal to intensify as activated receptors were
retained at the cell membrane, while increasing endocy-
tosis attenuated the signal. Increasing the pool of endo-
somal BRI1 did not increase the signal [54]. These results
lead to the conclusion that the BRI1 signal is transmitted
exclusively from the PM, and that signaling endosomes
are not involved in this system. It will be interesting to
conduct similar experiments with a fluorescent version of

an FLS2 ligand.

In addition to the requirement for internalization in the
signaling process of several defense receptors as detailed
above, which in itself can allude to the probable existence
of signaling originating from plant endosomes, more
specific signaling pathways involving endosomes have
been documented in plant systems and in plant defense
in particular.

In the LeEix/EIX system, preventing the formation of
endosomes after internalization has already occurred
caused a decrease in EIX-induced signaling, while inter-
fering with vesicle trafficking by ES1 enhanced EIX
induced signaling, further supporting the notion of endo-
somal signaling [11°°]. In fact, the temporal windows in
which EIX induced signaling occurs (as early as 5-10 min
after the addition of EIX) and in which the LeEix2
receptor resides on endosomes (at least 30—45 min after
internalization), provide circumstantial evidence indicat-
ing a possibility that at least some of the signal originates
from endosomes. This will be interesting to investigate
further.

Concluding remarks

Recent years have seen substantial advances in the
research of plant trafficking and signaling. Trafficking
and signaling during plant defense responses are a good
model for the study of plant trafficking and signaling in
general, due to the swift and transient nature of signals
transmitted during plant defense.

Recently accumulated data show that plant defense
receptors can be trafficked in several pathways, depend-
ing on the desired outcome (e.g., signal propagation via
recycling or endosomal signaling, signal attenuation via
degradation). These pathways are similar to those
reported in trafficking which occurs in mammalian cells,
though some of the specialized compartments can have
different features.

Perhaps not surprisingly, one of the common features is
the signaling from endosomes. Evidence shows that plant
endosomes likely serve as a signaling platform. Further
experimentation is needed in order to unequivocally

confirm the existence of signaling endosomes in plants.
LeEIx2, which appears to signal to some extent from
endosomes, and FLLS2, in which endosomal signaling may
have a minimal contribution, can serve as ‘compare and
contrast’ systems. New and exciting techniques which
may serve to elucidate this matter include endosomal
purification and analysis [55] and endosome visualization
techniques [24°°,56]. A genetic approach to abolishing
particular types of endosomes and examining the sig-
naling of specific plant receptors may also prove to be
effective. It will be exciting to observe the upcoming
experimental advances in the field, which will no doubt
characterize the common and distinct features of traffick-
ing and signaling during plant defense mediated by
different receptors.
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