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Leucine-rich-repeat receptor protein (LRR-RLPs) and 
LRR-RLKs have been linked with signaling and defense responses 
in plants. EIX (ethylene-inducing xylanase) triggers a defense 
response via the LeEix2 receptor, while bacterial flagellin trig-
gers plant innate immunity via the FLS2 receptor. Endocytosis 
has been suggested to be crucial for the process in both cases. 
Recently, we showed that the EIX elicitor triggers internalization 
of the LeEix2 receptor. Additionally, we demonstrate that plant 
EHD2 is an important factor in the internalization and regulation 
of the induction of plant immunity in the case of EIX/LeEix2 but 
does not appear to be involved in the flg/FLS2 system. Here we 
show that EHD2 is also involved in the signaling of the Cf4 and 
Cf9 receptors, causing inhibition of hypersensitive respond (HR) 
and ethylene biosynthesis upon overexpression of EHD2. Our 
results suggest that different endocytosis pathways are involved 
in the induction of plant defense responses.

Leucine-rich-repeat receptor kinase (LRR-RLKs) and Leucine-
rich-repeat receptor like proteins (LRR-RLPs) have been linked 
with signaling and defense responses in plants.1 The most 
extensively studied LRR-RLK in the context of plant defense 
responses is FLS2, which recognizes bacterial flagellin and the 
flagellin-derived peptide flg22.2,3 FLS2 is responsible for flagellin 
recognition, leading to a response which includes generation of 
ROS, MAP Kinase activation, ethylene production and induction 
of gene transcription.2,4,5 Though less information is available 
concerning LRR-RLPs, they have also been implicated in responses 
to pathogens. The tomato Cf genes which mediate resistance 
to Cladosporium fulvum encode LRR-RLPs, the LRR domain 
of which was shown to be important for avirulence (Avr) gene 
recognition.6,7 Genetic compatibility of a Cf protein and its 
Avr counterpart typically leads to defense responses including 

oxidative bust, ion fluxes, MAP kinase activation and induction 
of  hypersensitive response (HR)8 that inhibits C. fulvum prolif-
eration. Additional LRR-RLPs include the tomato Ve resistant 
proteins9,10 and the LeEix proteins.11

Endocytosis is currently considered to be involved in plant 
immunity in several cases,11-13 and Microbial elicitors, such as 
Verticillium14 and EIX15 have been shown to enter plant cells. 
Microbial elicitors have also been shown to stimulate endocy-
tosis.12,16,17

We have recently reported that plant EHD2, an EH domain 
containing protein,18 is an important factor in the internalization 
and downstream signaling of EIX/LeEix2 but does not appear to 
be involved in FLS2 signaling.12

Given that AtEHD2 inhibited LeEix2 signaling but did not 
affect FLS2 or Pto signaling,12 we wished to examine whether 
AtEHD2 has a similar effect with the ligands of other pattern 
recognition receptors which more closely resemble LeEix2 in struc-
ture. Cf9 and Cf4 were chosen as receptors which most resemble 
LeEix2 as they are transmembranal receptors with an extracellular 
LRR and a short cytoplasmic domain containing a classical Yxxφ 
endocytosis motif.19,20 Similar to the phenomenon we observed 
with EIX, HR induction by Avr9 and Avr4 was inhibited by over-
expression of AtEHD2 (Fig. 1A). Figure 1B shows that ethylene 
biosynthesis induced by Avr9 is also inhibited by AtEHD2 over-
expression.

In a recent study, we have shown that the endocytic protein 
EHD2, which we have previously shown to inhibit endocytosis 
upon overexpression,12 appears to be an essential component in 
the endocytosis and signaling of LeEix2, while it does not seem to 
be involved in the FLS2 system. Here we show that AtEHD2 is 
also involved in the signaling of the Cf4 and Cf9 receptors, causing 
inhibition of HR and ethylene biosynthesis upon overexpression.

The LRR-RLPs LeEix2, Cf9 and Cf4 are involved in the 
recognition of fungal effectors and posses structural similari-
ties, such as extra-cellular LRR repeats and a short cytoplasmic 
domain containing a Yxxφ endocytosis motif.8,11,19 FLS2 which 
is a receptor-like-kinase (LRR-RLK) has an intra-cellular kinase 
domain and a non-classical PEST-like endocytosis motif.3,17 It 
is therefore tempting to speculate that EHD2 is a regulatory 
protein involved in the endocytosis and signaling of LRR-RLPs 
having a YXXφ motif and lacking a kinase domain. EHD2 binds 
LeEix2,12 and may affect endocytosis directly, but may also 
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modulate internalization of LeEix2 and possibly 
additional LRR-RLPs through an effect on the 
plasma membrane. C. fulvum AVR proteins, or 
their Cf receptors, have never been shown to 
undergo endocytosis. It was also demonstrated 
in several cases that Cf9 does not directly bind 
Avr9.21 Despite these facts, it would seem that 
Cf receptors may undergo endocytosis, given that 
they possess a YXXφ domain and are capable of 
having their activity modulated by the endocytic 
protein EHD2.

FLS2, and possibly additional LRR-RLKs, repre-
sent the first line of plant defense which recognizes 
many pathogens,22 and may be regarded as “broad 
spectrum”, while LeEix2, Cf receptors, and possibly 
additional LRR-RLPs11,19 represent the second 
line of defense which recognizes specific effectors 
and induces a faster and stronger response that 
often culminates in HR induction.23 Given our 
results, we suggest that the different specificities 
in signaling may stem from different interacting 
proteins which mediate receptor signaling, possibly 
via different endocytosis pathways. Therefore, 
EHD2 may grant specificity to different receptor-
mediated defense signaling pathways.

A schematic proposed model incorporating this work as well 
as previous works11,15,18,24 is presented in Figure 2. FLS2 is given 
as an exemplary LRR-RLK, while LeEix2 is given as an exem-
plary LRR-RLP. The data relating to FLS2 has previously been 
published.22 As for LeEix2, upon EIX application, EIX binds 
the LeEix2 receptor on the outside of the plasma membrane.11 

The ligand-receptor complex probably signals for the binding of 
an endocytic protein complex to the Yxxφ motif present within 
the cytoplasmic tail of LeEix2. One protein in such a complex 
could be AP-2, which has been shown to bind the Yxxφ motif of 
transferrin receptor and participate in transferrin internalization in 
Arabidopsis protoplasts.25 Binding of AP-2, usually via the Yxxφ 
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Figure 1. EHD2 overexpression inhibits HR induction and ethylene biosynthesis. (A) N. tabacum transiently transformed with Pro35S:tvEIX or a mixture of 
Pro35S:Cf9 and Pro35S:Avr9 or Pro35S:Cf4 and Pro35S:Avr4 and either Pro35S:AtEHD2 or Pro35S:GFP. Induction of HR was monitored 96 h after trans-
formation. (B) Leaf disks of transiently transformed tobacco leaves with either mock (Pro35S:GFP) or Pro35S:AtEHD2 and Pro35S:Cf9/Pro35S:Avr9 (48 h 
after transformation), were floated on a 250 mM Sorbitol solution; Leaf disks of transiently transformed tobacco leaves with either mock (Pro35S:GFP) or 
Pro35S:AtEHD2 were also floated on a 250 mM Sorbitol solution supplemented with 2.5 μg/ml EIX. Ethylene biosynthesis was measured after 4 hours. 
Error bars represent the average ± SE of 4 different experiments.

Figure 2. Schematic representation of defense responses mediated by FLS2 (LRR-RLK; left) 
and LeEix2 (LRR-RLP; right). FLS2 mediates e.g., ROS production, Ethylene biosynthesis and 
PR protein synthesis via its kinase domain in response to flagellin (flg22). LeEix2 interacts 
with EHD2 and possibly AP-2 and mediates e.g., ROS production, Ethylene biosynthesis, PR 
protein synthesis, EHD2 expression and HR in response to EIX.
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motif, has also been shown to be a crucial step in the internalization 
of several mammalian receptors.26 Interestingly, EHD proteins in 
mammalians were shown to bind adaptor proteins, as well as addi-
tional proteins of the Clathrin coated vesicle complex.27 This may 
also be the case in plant cells. It is possible that AP-2 resides in a 
complex with the cytoplasmic tail of LeEix2 and EHD2, as well 
as additional proteins. Binding of EIX allows for entry of LeEix2 
into the cell, in an actin and microtubule dependent manner. 
EHD2 has been shown to be linked to the actin cytoskeleton in 
mammalian cells.28,29 The internalization of LeEix2 is required for 
induction of defense responses, including Ion flux, ROS produc-
tion, ethylene and PR protein synthesis.30 EIX application also 
triggers EHD2 expression, upon which EHD2 acts to inhibit the 
defense response in the short term. Longer exposure to MAMPs 
leads to a “full-blown” defense response including HR, free of the 
inhibitory influence of EHD2.

We suggest that at least two different endocytic mechanisms 
for Pattern recognition receptors exist in plant cells, EHD2 being 
involved in one such mechanism. EHD2 inhibits signaling of 
LeEix2, Cf4 and Cf9, LRR-RLP (proteins without a kinase domain) 
probably by inhibiting their endocytosis and/or inhibiting the 
internalization of EIX, Avr4 and Avr9 respectively. The endocytic 
mechanism of FLS2 (LRR-RLK) appears not to involve EHD2.
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