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Obligate biotrophs, such as the powdery mildew pathogens, deliver effectors to the host cell and obtain nutrients from the infection
site. The interface between the plant host and the biotrophic pathogen thus represents a major battleground for plant-pathogen
interactions. Increasing evidence shows that cellular trafficking plays an important role in plant immunity. Here, we report that
Arabidopsis thaliana ENHANCED DISEASE RESISTANCE4 (EDR4) plays a negative role in resistance to powdery mildew and that
the enhanced disease resistance in edr4 mutants requires salicylic acid signaling. EDR4 mainly localizes to the plasma membrane
and endosomal compartments. Genetic analyses show that EDR4 and EDR1 function in the same genetic pathway. EDR1 and
EDR4 accumulate at the penetration site of powdery mildew infection, and EDR4 physically interacts with EDR1, recruiting EDR1 to
the fungal penetration site. In addition, EDR4 interacts with CLATHRIN HEAVY CHAIN2 (CHC?2), and edr4 mutants show reduced
endocytosis rates. Taken together, our data indicate that EDR4 associates with CHC2 and modulates plant immunity by regulating

the relocation of EDR1 in Arabidopsis.

INTRODUCTION

Plants protect themselves against various pathogens through
multiple layers of defense, including nonhost resistance and host
resistance, which involve physical barriers and systems to detect
nonself cues, via basal defense, and RESISTANCE (R) gene-
mediated defenses (Schulze-Lefert and Panstruga, 2011; Nielsen
and Thordal-Christensen, 2013). Detection of pathogen-associated
molecular patterns (PAMPs) by pattern recognition receptors ac-
tivates basal defense, which leads to PAMP-triggered immunity
(PTI) (Boller and Felix, 2009). Specific recognition of pathogen ef-
fectors by R proteins leads to effector-triggered immunity (ETI)
(Jones and Dangl, 2006). The defense responses associated with
PTl and ETI may share signaling components and often include
the activation of PATHOGENESIS-RELATED (PR) genes, mitogen-
activated protein kinases (MAPKs), calcium-dependent protein
kinases, and the hypersensitive response to restrict pathogen
growth and spread (Tena et al., 2011).

Increasing evidence shows that vesicle trafficking plays an
important role in the different layers of plant defense. For in-
stance, forward genetic approaches identified Arabidopsis
thaliana PENETRATIONT (PEN1), PEN2, and PEN3, which play
positive roles in nonhost resistance; loss of function of each PEN
results in defects in penetration resistance to the nonadapted
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powdery mildew pathogen Blumeria graminis f sp hordei (Collins
et al., 2003; Lipka et al., 2005; Stein et al., 2006; Underwood and
Somerville, 2008). In addition to penetration resistance, vesicle
trafficking also plays important roles in PTI and ETI (Robatzek,
2014). For instance, the Arabidopsis PAMP receptor FLAGELLIN
SENSING2 (FLS2), a well-characterized pattern recognition re-
ceptor, recognizes flagellin, a subunit of the bacterial flagellum
(Zipfel et al., 2004), and activates the downstream signaling
pathway (Veronese et al., 2006; Chinchilla et al., 2007; Lu et al.,
2010; Shi et al., 2013). FLS2 localizes to the plasma membrane,
and after activation by flagellin, FLS2 is intemalized into the cell
(Robatzek et al., 2006). Blocking flagellin-activated FLS2 endocytosis
alters defense against bacterial pathogens (Robatzek et al., 2006;
Spallek et al., 2013). FLS2 endocytosis requires ENDOSOMAL
SORTING COMPLEX REQUIRED FOR TRANSPORT-I (Spallek et al.,
2013). In addition, the ARF-GEF family protein MIN7, a key com-
ponent of the vesicle-trafficking machinery, is required for PTI and
ETl to Pto DC3000 infection in Arabidopsis. Also, the bacterial ef-
fector HopM1 targets MIN7 for the suppression of host resistance
(Nomura et al., 2006, 2011).

Vesicle trafficking plays important roles, including in disease
resistance against filamentous organisms (e.g., fungi and oomy-
cetes, such as powdery mildew) (Yi and Valent, 2013). Powdery
mildew pathogens are common and widespread obligate bio-
trophs that infect large numbers of plants. When a powdery mil-
dew fungal spore infects a plant, the fungus produces a germ tube
and appressorium that directly penetrate into epidermal cells and
then develops a haustorium (Koh et al., 2005). The haustorium
differentiates from the penetration hypha and plays important
roles in transporting effectors into the cell and acquiring nutrition
from the host (Panstruga and Dodds, 2009; Hickelhoven and
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Panstruga, 2011). Work in Arabidopsis has identified, in addition to
PENT, PEN2, and PEN3, a number of genes that function in
powdery mildew resistance. For instance, ENHANCED DISEASE
RESISTANCE1 (EDRT) encodes a Raf-like MAPK kinase kinase
that negatively regulates salicylic acid (SA)-inducible defense re-
sponses (Frye et al., 2001). The N-terminal regulatory domain of
EDR1 physically interacts with MKK4 and MKK5 and negatively
affects MKK4/MKK5 and MPK3/6 protein levels. Also, mutations in
MPK3, MKK4, or MKK5 can suppress edr7-mediated resistance,
indicating that EDR1 fine-tunes plant innate immunity by negatively
regulating the MAPK cascade (Zhao et al., 2014). KEEP ON GOING
(KEG) encodes a protein containing a RING E3 ligase domain and
a kinase domain, and a specific missense mutation in KEG sup-
presses edr1-associated phenotypes. KEG interacts with EDR1
and recruits it to the trans-Golgi network/early endosome (TGN/EE)
vesicles (Wawrzynska et al., 2008; Gu and Innes, 2011). KEG
regulates endomembrane protein trafficking and is degraded spe-
cifically in cells infected by powdery mildew (Gu and Innes, 2012).
Recent work showed that EDR1 also interacts with ARABIDOPSIS
TOXICOS EN LEVADURA1 (ATL1), an E3 ubiquitin ligase that
positively regulates resistance and cell death. Overexpression of
ATL1 causes cell death in Arabidopsis and Nicotiana benthamiana,
and the cell death induced by ATL1 can be suppressed by EDR1.
In addition, knockdown of ATL7 expression suppressed edri-
mediated powdery mildew resistance, indicating that ATL1 is
a potential substrate of EDR1 (Serrano et al., 2014). EDR2 encodes
a protein that contains a pleckstrin homology domain and a ste-
roidogenic acute regulatory protein-related lipid-transfer domain
(Tang et al., 2005; Vorwerk et al., 2007). EDR2 mainly localizes to
the endoplasmic reticulum (ER) and also localizes to the plasma
membrane and endosomes (Vorwerk et al., 2007). Genetic analy-
ses showed that mutations in the transcription factor SR1, the 26S
proteasome subunit RPN1a, or the receptor-like cytoplasmic ki-
nase BSK1 can suppress edr1- and edr2-mediated resistance (Nie
et al., 2012; Yao et al., 2012; Shi et al., 2013). EDR3 encodes
DYNAMIN-RELATED-PROTEIN 1E, which is thought to be involved
in membrane tubulation, a process essential for vesicle scission
(Hong et al., 2003; Tang et al., 2006). Although vesicle trafficking
is implicated in powdery mildew resistance mediated by edr? and
edr3, the mechanism by which vesicle trafficking affects resistance
remains unclear.

The plasma membrane is a source and a sink for the endocytic
and exocytic vesicle-trafficking pathways. Clathrin-mediated endo-
cytosis (CME) is the major route of endocytosis (Dhonukshe et al.,
2007). CME initiates at the plasma membrane, where cargo and
coat machinery are recruited into clathrin-coated pits (Chen et al.,
2011). GTPase dynamins scissor off the clathrin-coated pits after
maturation to form clathrin-coated vesicles, which then target to and
fuse with the early endosome. In the early endosome, cargo is dif-
ferentially sorted for recycling back to the plasma membrane or to
the vacuole for degradation (McMahon and Boucrot, 2011). CME
complex components include clathrin, adaptor protein complexes,
and accessory adaptor proteins, which bind directly to cargo or
cargo receptors. Various accessory adaptor proteins can transport
many different cargoes, making CME very versatile (McMahon and
Boucrot, 2011). Clathrin subunits form triskelion, composed of
three clathrin heavy chains and three clathrin light chains that self-
polymerize (Chen et al., 2011; McMahon and Boucrot, 2011). The

Arabidopsis genome has two clathrin heavy chain and three clathrin
light chain genes (Chen et al., 2011). Genetic analyses show that
those genes are critical for endocytosis and other clathrin-mediated
pathways; for instance, clathrin heavy chain2 (chc2) mutants show
defects in endocytosis and the internalization of auxin transporters
(Kitakura et al., 2011). Recent work showed that SA, which usually
associates with biotrophic pathogen defenses, also interferes with
clathrin-mediated endocytic trafficking (Du et al., 2013). Although
many components of CME remain to be identified, the recent
identification and characterization of CME adaptors shed new light
on how CME functions in plants (Gadeyne et al., 2014).

To identify components involved in powdery mildew resistance,
we screened Arabidopsis mutants for enhanced disease resistance
to the powdery mildew pathogen Golovinomyces cichoracearum
(Tang et al., 2005). Here, we show that the loss-of-function edr4
mutant displays enhanced disease resistance to powdery mildew.
EDR4 interacts with CHC2, one of the heavy chains of clathrin, and
the edr4 mutants show reduced endocytosis rates. In addition,
EDR4 interacts with EDR1 and recruits EDR1 to the site of fungal
penetration, indicating that EDR4 plays an important role in plant
immunity. We propose that EDR4 might modulate plant immunity by
recruiting and transporting EDR1 to its destination.

RESULTS

The edr4-1 Mutants Display Enhanced Disease Resistance
to G. cichoracearum

To study the molecular interactions between Arabidopsis and
powdery mildew, we previously screened ethyl methanesulfonate-
mutagenized Arabidopsis Columbia-0 (Col-0) plants for enhanced
disease resistance to G. cichoracearum (Tang et al., 2005). Among
three mutants identified in this screen, edr2 and edr3 have
been described (Tang et al., 2005, 2006); here, we describe our
characterization of the edr4-1 mutant.

The edr4-1 mutants did not show any growth defects under
short-day conditions; however, they displayed mild, hypersensi-
tive response-like lesions under long-day conditions at late
growth stages (Supplemental Figure 1). To characterize powdery
mildew resistance in edr4-1, we infected 4-week-old plants with
G. cichoracearum UCSC1 under short-day conditions. The wild-
type plants were susceptible and supported abundant con-
idiophores on their leaves at 8 d after inoculation (DAI). However,
the edr4-1 mutants showed fewer conidiophores and massive
necrotic lesions on the leaves at 8 DAI (Figures 1A to 1C). To
further monitor fungal reproduction, we counted the con-
idiophores per colony in wild-type and edr4-1 plants. As shown in
Figure 1D, significantly fewer conidiophores were produced on
edr4-1 leaves than on wild-type leaves at 6 DAI, indicating that
the growth of powdery mildew fungus was inhibited in the edr4-1
mutant.

Activation of plant defenses often involves the production of
H,0, and the deposition of callose. To examine whether edr4-1
mutants accumulate more H,O, than the wild type after in-
fection, we used 3,3’-diaminobenzidine hydrochloride (DAB) to
stain infected leaves at 2 DAl with G. cichoracearum. The edr4-1
mutants showed more pronounced H,O, accumulation in the
infection site than did wild-type plants (Figure 1E; Supplemental
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Figure 1. The edr4-1 Mutant Exhibited Enhanced Disease Resistance to G. cichoracearum.

(A) Four-week-old wild-type and edr4-1 plants inoculated with G. cichoracearum UCSC1. The photographs were taken at 8 DAI. Bars = 1 cm.

(B) Representative leaves removed from 4-week-old wild-type and edr4-1 plants inoculated with G. cichoracearum. The photographs were taken at
8 DAI. Bars = 0.5 cm.

(C) Trypan blue staining of the leaves shown in (B) to visualize fungal structures and plant cell death. Bar = 100 pm.

(D) Quantitative analysis of conidiophore formation on 4-week-old wild-type and edr4-1 plants at 6 DAI. The bars represent means and sp in one
experiment (n = 20). The experiment was repeated three times with similar results. The asterisks indicate a statistically significant difference from the
wild type (P < 0.01, Student’s t test).

(E) Trypan blue-DAB staining of 4-week-old wild-type and edr4-1 plants at 2 DAl with G. cichoracearum. Brown staining shows the accumulation of
H,0,. Bar = 100 pm.

(F) Aniline blue staining of 4-week-old wild-type and edr4-1 plants at 2 DAl with G. cichoracearum to visualize callose deposition (blue dots). Bar = 100 wm.
(G) to (I) Four-week-old wild-type and edr4-1 plants were inoculated with G. cichoracearum. Relative transcript levels of PR1, PR2, and PR5 were
examined at various time points using real-time PCR with ACT2 as an internal control. Bars represent means and sp of values obtained from three
experiments. Asterisks indicate significant differences from the wild type (P < 0.01, Student’s t test).

Figures 2A and 2B). To monitor callose deposition in wild-type
and edr4-1 mutant plants, we performed aniline blue staining on
the infected leaves at 2 DAl and found that the edr4-1 mutants
showed more callose deposition at the infection site than the
wild type (Figure 1F; Supplemental Figures 2C and 2D).

To investigate whether the edr4-1 mutation affects the ex-
pression of defense-related genes, we examined the transcript
levels of PR1, PR2, and PR5 in wild-type and edr4-1 mutant

plants at different time points after G. cichoracearum infection
using real-time PCR. Both the wild type and edr4-1 showed
relatively low accumulation of PR7, PR2, and PR5 transcripts
before infection. The transcript levels of PR genes increased
after inoculation in both the wild type and edr4-1, but signifi-
cantly more transcripts of PR genes accumulated in edr4-1
plants than in wild-type plants at 1 and 3 DAI (Figures 1G to 1l).
These observations indicate that the edr4-1 mutants induced
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the defense response more rapidly than the wild-type plants
did.

The Enhanced Disease Resistance in edr4-1 Mutants
Depends on SA Signaling

SA, jasmonic acid (JA), and ethylene signaling pathways play
important roles in plant defense responses. To examine whether
those pathways affect edr4-7-mediated resistance, we con-
structed double mutants and assessed whether mutations in
those pathways alter powdery mildew resistance in edr4-1. The
npr1 mutation, which disrupts SA perception, and the pad4, eds1,
eds5, and sid2 mutations, which reduce levels of pathogen-in-
duced SA, suppressed edr4-1-mediated enhanced resistance to
powdery mildew and mildew-induced cell death (Figure 2A;
Supplemental Figure 3). By contrast, mutations in EIN2 or COI1
blocked the ethylene response or the JA response, respectively,
and did not affect edr4-1 resistance and mildew-induced cell
death (Figure 2A; Supplemental Figure 3). These data indicate that
edr4-1-mediated resistance and mildew-induced cell death phe-
notypes are SA-dependent but ethylene- and JA-independent.

To further assess the role of SA in edr4-1-mediated resistance,
we measured SA levels in the wild type and edr4-1 before and
after infection with G. cichoracearum. In the absence of pathogen,
the edr4-1 mutants and wild-type plants had similar levels of free
and total SA; by contrast, at 3 DAI, SA accumulated at much
higher levels in edr4-1 than in the wild type (Figure 2B). These
data indicate that higher SA levels in edr4-1 mutants cause the
enhanced disease resistance and mildew-induced cell death.

EDR4 Encodes a Protein of Unknown Function

The edr4-1 mutation was identified by standard map-based
cloning (Supplemental Figure 4A). A C-to-T transition at nucle-
otide 1213 in At5g05190 was found in edr4-1, and this transition
causes an early stop (Q405STOP) in the predicted protein se-
quence (Supplemental Figure 4A). To confirm that At5g05190 is
EDR4, a genomic clone of At5g05190 was transformed into
edr4-1 plants. Among 25 transgenic plants obtained, 22 dis-
played the wild-type, susceptible phenotype at 8 DAI when infected
with G. cichoracearum, indicating that the At5g05190 genomic clone
complemented the edr4-1 phenotype (Supplemental Figures 4B and

Free SA
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Figure 2. The Enhanced Disease Resistance Mediated by edr4-1 Requires the SA Signaling Pathway.

(A) Four-week-old plants were inoculated with G. cichoracearum, and representative leaves were removed and photographed (top panels) or stained with trypan
blue (bottom panels) at 8 DAI. The edr4-1-mediated resistance is suppressed by pad4, npr1, eds1, eds5, and sid2 but not by coi? or ein2. Bar = 200 pum.

(B) Free and total SA was extracted from 4-week-old wild-type and edr4-1 leaves at 0 and 3 DAI, then the SA levels were determined by HPLC. The bars
represent means and sp (n = 6). The experiment was repeated three times with similar results. The asterisks indicate statistically significant differences

from the wild type (P < 0.01, Student’s t test). FW, fresh weight.
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4C). As an additional confirmation, we also examined the pheno-
types of two T-DNA insertion lines of At5g05190, SALK 048465
(edr4-2) and SALK_009370 (edr4-3) (Supplemental Figure 4A). No
full-length transcript of At5g05190 could be detected in edr4-1 or in
these two lines, indicating that the expression of EDR4 is disrupted in
these three mutant lines (Supplemental Figure 4D). These two mu-
tants showed enhanced disease resistance and mildew-induced cell
death upon powdery mildew infection at 8 DAI, which was very
similar to the phenotype of edr4-1 (Supplemental Figures 4B and
4C). Taken together, these data indicate that At5g05190 is the
gene responsible for the edr4-1 phenotypes; therefore, we des-
ignate At5g05190 as EDRA4.

EDR4 encodes a protein of 615 amino acids with no assigned
function, and no clear EDR4 homolog could be identified in the
Arabidopsis genome. A search for motifs in the primary sequence of
EDR4, using the Eukaryotic Linear Motif server (http://elm.eu.org/)
(Puntervoll et al., 2003), identified three types of structural elements
in EDR4: a coiled-coil (CC) domain, four low-complexity regions
(LCR), and a Duf3133 domain of unknown function (Supplemental
Figure 4E). The CC domain and LCRs often function as protein in-
teraction domains for a wide variety of proteins (Burkhard et al.,
2001; Lee et al., 2011).

EDR4 Mainly Localizes at the Plasma Membrane and
Endosomal Compartments

To investigate the subcellular localization of EDR4, we made a fu-
sion of EDR4 to Green Fluorescent Protein (GFP), expressed it from
the pEDR4-EDR4-eGFP construct (EDR4-GFP), and transformed
it into edr4-1 mutant plants. EDR4-GFP was expressed as a full-
length protein and complemented the edr4-1 phenotypes, indicating
that EDR4-GFP was functional (Supplemental Figure 5). A repre-
sentative homozygous edr4-1 EDR4-GFP transgenic line was
chosen to examine EDR4 localization. In root tip cells of 5-d-old
seedlings, time-lapse analysis revealed that EDR4-GFP displayed
dynamic intracellular movement, which partially overlapped with
FM4-64 (Supplemental Figure 6A and Supplemental Movie 1).
EDR4-GFP appears to localize on the plasma membrane and on
dot-like intracellular structures in the cytosol. To determine the
subcellular localization of EDR4, we assessed the colocalization
of EDR4-GFP with several organelle markers, including mCherry-
SYP61 (TGN/EE), ARA6-mCherry (late endosome), SYP32-mCherry
(cis-Golgi), and HDEL-mCherry (ER) (Nelson et al., 2007; Geldner
et al., 2009; Gu and Innes, 2011, 2012; Sauer et al., 2013), and
examined EDR4-GFP in root tips of transgenic plants. Microscopy
and quantification analysis showed that a large portion of EDR4-
GFP protein overlapped with the TGN/EE marker SYP61, the late
endosome marker ARAG, and the cis-Golgi marker SYP32, but
a smaller portion of EDR4-GFP overlapped with the ER marker
HDEL (Figures 3A to 3E). Taken together, these data indicate that
EDR4 mainly localizes at the plasma membrane and in endosomal
compartments and displays dynamic movement in cells.

EDR4 Accumulates at the Penetration Site of
Fungal Infection

We further examined the subcellular localization of EDR4 in epi-
dermal cells after G. cichoracearum infection using the EDR4-GFP

EDR4 Regulates Plant Immunity and Relocation of EDR1 861

transgenic line. The GFP signal was observed in epidermal cells in
uninfected leaves (Figure 4A) and also showed intracellular
movement (Supplemental Figure 6B and Supplemental Movie 2).
At 48 h after inoculation (HAI) with G. cichoracearum, EDR4-GFP
accumulated under the penetration peg at the infection site in
epidermal cells (Figure 4B), but overall, the EDR4-GFP protein
levels decreased at 72 HAI with G. cichoracearum (Figure 4C). To
further confirm the accumulation of EDR4-GFP at the site of in-
fection, we also examined EDR4-GFP localization at 24 HAI, with
the cis-Golgi-localized protein N-acetylglucosaminyltransferase
I (NAG) fused to GFP (Essl et al., 1999) as a control. Fungal
structures were labeled with propidium iodide. We found that
EDR4-GFP accumulated at penetration sites at 24 HAI (Figures
4D and 4E), while there was no obvious difference in the sub-
cellular localization of NAG-GFP before and after inoculation
(Supplemental Figure 7). To determine whether EDR4 accumu-
lates at the plasma membrane or papillae at the penetration site
after infection, we used plasmolysis of infected leaves at 24 HAI.
As shown in Supplemental Figure 8A, EDR4-GFP accumulated in
the plasma membrane but not in papillae.

EDR1, EDR4, and KEG Act in the Same Genetic Pathway

To further characterize the edr4-1 mutant, we crossed edr4-1 with
edr1 and edr2, two well-characterized powdery mildew resistance
mutants, and examined the phenotypes of the double mutants.
The edr2 edr4-1 mutant showed more cell death and fewer fungal
spores than the edr2 and edr4-1 single mutants, indicating that
the edr2 mutation enhanced the edr4-1 phenotype. However, the
edr1, edrd4-1, and edr1 edrd4-1 mutants showed no significant
differences in growth of fungal spores (Supplemental Figure 9). A
missense mutation in KEG (keg-4) suppressed the edr? pheno-
type (Wawrzynska et al., 2008). To further examine the relation-
ship between EDR1 and EDR4, we crossed edr1, edr4-1, and
edr1 edr4-1 with keg-4 and generated double and triple mutants.
The keg-4 mutation suppressed the enhanced disease resistance
of edr4 and edr1 edr4-1 mutants (Figures 5A and 5B), indicating
that edr4-mediated resistance also requires KEG. Previous work
showed that keg-4 suppresses edr7-mediated resistance, but
not edr2-mediated resistance, indicating that keg-4 specifically
suppresses edr1 (Yao et al., 2012). The observations that keg-4
suppressed edr4-1 and edr1 edr4-1, and that edr1, edr4-1, and
edr1 edr4-1 displayed similar levels of resistance, suggest that
EDR1, EDR4, and KEG act in the same genetic pathway. Con-
sistent with this notion, MPK3 and MPKG6 kinase activation in-
creased in edr4-1 mutants upon infection by G. cichoracearum,
and mpk3, mkk4, and mkk5 mutations also suppressed powdery
mildew resistance in edr4-1 (Supplemental Figure 10), similar to
the edr? mutant (Zhao et al., 2014).

EDR4 Interacts with EDR1

Since edr1 and edr4-1 displayed similar powdery mildew re-
sistance, and EDR1, EDR4, and KEG may act in the same genetic
pathway, we hypothesized that EDR4 may associate with EDR1 to
modulate plant immunity. To test this hypothesis, we performed
yeast two-hybrid assays to examine whether EDR4 interacts with
EDR1 and KEG. EDR4 could interact with the N-terminal domain
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Figure 3. EDR4 Localizes to the Plasma Membrane, TGN/EE, and cis-
Golgi.

(A) to (D) The root tip cells of 5-d-old seedlings that expressed EDR4-GFP
and the indicated subcellular markers were imaged using confocal mi-
croscopy, and single optical sections are shown. Enlarged images of the
boxed areas are shown at top right. The mCherry-SYP61 (A) and ARAG6-
mCherry (C) constructs were introduced into the EDR4-GFP plants by
transformation, while SYP32-mCherry (B) and HDEL-mCherry (D) were
introduced into the EDR4-GFP plants by genetic crosses. Bars = 5 pum.
(E) Quantitative analysis of the overlap of EDR4-GFP with the indicated
organelle markers. The bars show Mander’s overlap coefficient (Herda
et al., 2012), indicating a level of colocalization between EDR4-GFP and
the organelle marker. Two independent experiments with 20 to 35 cells
for each subcellular marker were evaluated.

(@amino acids 1 to 657) of EDR1 and full-length EDR1 but not with
the C-terminal domain of EDR1 (amino acids 658 to 933) or with
KEG (Figure 6A; Supplemental Figure 11). To determine which
domain of EDR4 is responsible for the interaction with EDR1, we
conducted a deletion analysis of EDR4 and examined the inter-
actions of the deleted variants by yeast two-hybrid assays. As
shown in Figure 6A, a variant of EDR4 with only the CC domain
(@amino acids 1 to 149) could interact with EDR1, while the LCR,
Duf3133 domain, or CC domain deletion form of EDR4 could not
interact with EDR1. These data indicate that the CC domain of
EDR4 is necessary and sufficient for interaction with EDR1.

To further confirm the interactions of EDR1 and EDR4, we
performed bimolecular fluorescence complementation (BiFC) by
fusing EDR1, EDR4, and EDR4 deletion forms or KEG to the N- or
C-terminal fragment of Yellow Fluorescent Protein (YFP) and
transiently expressing those constructs in N. benthamiana leaves.
We observed reconstituted YFP fluorescence in leaves co-
transformed with 35S-driven YN-EDR1 and YC-KEG, as well as
YN-EDR1 and YC-EDR4 or the YC-CC-EDR4 domain, but not
in leaves cotransformed with YN-KEG and YC-EDR4 or other
YC-EDR4 deletions (Figure 6B; Supplemental Figure 12), indicating
that the EDR4 CC domain interacts with EDR1 in N. benthamiana,
consistent with the results of the yeast two-hybrid assays.

To validate the interaction of EDR4 and EDR1, we also per-
formed coimmunoprecipitation (Co-IP) assays in stable trans-
genic Arabidopsis plants. We crossed EDR4-GFP plants with
plants expressing EDR1-FLAG driven by the native EDR1 pro-
moter and used the F2 plants that express both EDR4-GFP and
EDR1-FLAG in Co-IP assays, with plants that expressed both
EDR1-FLAG and GFP as a negative control. We extracted total
protein and immunoprecipitated EDR1 using anti-FLAG anti-
body and then detected the presence or absence of EDR4 with
anti-GFP antibody. EDR4 was detected only in the precipitates
of leaves that express EDR1-FLAG and EDR4-GFP but not in
the negative control plants (Figure 6C), indicating that EDR4
interacts with EDR1 in Arabidopsis. Taken together, these ob-
servations indicate that EDR4 interacts with EDR1.

Since EDR1 interacts with EDR4, we then examined whether
EDR4 colocalizes with EDR1. We first transiently expressed EDR4-
GFP and EDR1-mCherry in N. benthamiana leaves. EDR1 appears
to colocalize with EDR4 in the plasma membrane and endosomal
compartments (Supplemental Figures 13A and 13B). We then ex-
amined transgenic plants that coexpressed EDR4-GFP and EDR1-
mCherry. Similarly, EDR4-GFP and EDR1-mCherry colocalized in
endosomal compartments in root cells (Supplemental Figure 13C).

EDR4 Recruits EDR1 to Powdery Mildew Infection Sites on
the Plasma Membrane

Since EDRT1 interacts with EDR4, we next examined whether EDR1
and EDR4 have similar localization patterns. EDR1 also shows
dynamic intracellular movement (Supplemental Figure 6C and
Supplemental Movie 3). As EDR4 accumulated at powdery mildew
infection sites, we then examined whether EDR1 also accumulates
at infection sites and whether the edr4-1 mutation affects this lo-
calization. We thus crossed the EDR71-GFP transgenic plant with
the edrd-1 mutant to generate edr4-1 EDR1-GFP plants. We
did not observe an obvious difference in EDR1-GFP localization in
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Figure 4. EDR4-GFP Accumulates at the Powdery Mildew Penetration
Site in Epidermal Cells.

(A) EDR4-GFP localization in epidermal cells of uninfected leaves. Bar =
25 pm.

(B) EDR4-GFP accumulates under the penetration peg of the secondary
hyphal infection site in epidermal cells at 48 HAI with G. cichoracearum.
Bar = 25 pm.

(C) Four-week-old transgenic EDR4-GFP plants were infected with G.
cichoracearum. Immunoblotting was performed using an anti-GFP
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wild-type and edr4-1 backgrounds in the absence of powdery
mildew pathogen (Supplemental Figure 14A). Upon infection, EDR1-
GFP also accumulated at the infection site at 24 HAI in wild type
leaves; however, EDR1-GFP accumulated at much lower levels at
infection sites in edr4-1 leaves (Figures 7A and 7B). To quantify the
level of accumulation of EDR1-GFP, we calculated the frequency of
focal accumulations of EDR1-GFP at infection sites in wild-type
and edrd-1 plants according to the previously described method
(Underwood and Somerville, 2013). As shown in Figure 7C, the
frequency of focal accumulations of EDR1-GFP in edr4-1 mutants
was much lower than in the wild type, indicating that the edr4-1
mutation compromised the accumulation of EDR1-GFP at the fun-
gal infection site. Similar to EDR4-GFP, plasmolysis analysis showed
that EDR1-GFP also accumulated at the plasma membrane, not in
papillae, after infection with G. cichoracearum (Supplemental Figure
8B). Taken together, our data suggested that EDR1 moves to the
plasma membrane around powdery mildew infection sites and that
EDR4 plays an important role in EDR1 relocation.

As the CC domain of EDR4 is necessary for interaction with
EDR1, we examined whether EDR1 localization was affected in
the EDR4 CC domain deletion background. We made an EDR4-
CC-domain deletion-FLAG construct and transformed it alone or
with the pEDR1-EDR1-GFP construct into edr4-2. The EDR4-CC-
domain deletion-FLAG construct did not complement the edr4-2
phenotype, indicating that EDR4 function requires the CC domain
(Supplemental Figure 15). We also compared EDR1 localization in
wild-type, edr4-2, and edr4-2 EDR4-CC-domain deletion plants
after powdery mildew infection. The localization of EDR1-GFP in the
edr4-2 and edr4-2 EDR4-CC-domain deletion background was
similar, as both show defects in focal accumulation to the site of
mildew infection (Supplemental Figure 16), indicating that the EDR4-
CC-domain deletion construct could not function as the full-length
EDR4 protein. To examine whether edr1 affected EDR4 localization,
we examined EDR4-GFP localization in wild-type and edr? plants
after powdery mildew infection at 24 HAI. EDR4-GFP accumulated
at the infection site in wild-type and edr? plants, and no significant
difference was observed between the wild type and edr?, indicating
that edr? did not affect the localization of EDR4 (Supplemental
Figure 17).

To examine whether powdery mildew triggers continuous ac-
cumulation of EDR1 and EDR4, we performed fluorescence
recovery after photobleaching (FRAP) (Bhat et al., 2005) of EDR1-
GFP and EDR4-GFP leaves at G. cichoracearum penetration sites
and distal membrane sites. At the penetration site, the EDR1-GFP
signal recovered to less than 40% in 60 min, compared with before
bleaching, and EDR4-GFP displayed a similar pattern, recovering to
less than 20% in 60 min (Supplemental Figures 18A and 18C). By
contrast, at a distal membrane site, the EDR1-GFP and EDR4-GFP
signals showed rapid recovery (within 15 min) after bleaching

antibody. Ponceau S staining of Rubisco is shown as a loading control.
The experiment was repeated at least three times with similar results.
(D) and (E) Accumulation of EDR4-GFP around the penetration peg of the
appressorium at 24 HAI with G. cichoracearum, shown in different views.
Leaves in (E) were stained with propidium iodide (PI) to visualize the fungal
structures, which appear red. Bar in (D) = 10 um; bars in (E) = 20 pm.
AP, appressoria; Chl, chloroplast; PM, plasma membrane; PP, penetra-
tion peg; SH, secondary hyphae; SP, spores.
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Figure 5. The edr1 Suppressor keg-4 Suppresses edr4-1-Mediated Powdery Mildew Resistance.

(A) Photograph and trypan blue staining of representative leaves removed from 4-week-old plants at 8 DAl with G. cichoracearum. Bars in top panels =

0.5 cm; bar in bottom panels = 100 pm.

(B) Quantitative analysis of conidiophore formation on infected plants at 6 DAI. The bars represent means and sp (n = 20). The samples are labeled with
different letters to indicate statistically significant differences (P < 0.01, one-way ANOVA). The experiments were repeated three times with similar results.

(Supplemental Figures 18B and 18D). These data suggested that
EDR1 and EDR4 proteins were not continuously delivered to pen-
etration sites but were delivered one time and retained at these
sites. These results are comparable to previous findings that focal
accumulations of PEN1 and PENS after B. graminis f sp hordei in-
fection result from single delivery events rather than continuous
delivery (Bhat et al., 2005; Underwood and Somerville, 2013).

EDR4 Interacts with CHC2, and edr4 Shows Reduced
Endocytosis Rates

The Arabidopsis Interactome Mapping Consortium (2011) re-
ported that EDR4 could interact with CHC2, a major component

of clathrin-coated vesicles in CME and clathrin-mediated path-
ways in yeast two-hybrid assays. To confirm the interactions be-
tween CHC2 and EDR4 in planta, we performed BiFC assays
using N. benthamiana. As shown in Figure 8A, we observed YFP
signal in leaves coexpressing CHC2 and full-length EDR4, the
EDR4 CC domain, or the EDR4 LCR domain but not the EDR4
Duf3133 domain, confirming that EDR4 interacts with CHC2 and
that the CC and LCR domains may be responsible for this in-
teraction. The interaction between EDR4 and CHC2 suggested
that EDR4 could function in clathrin-mediated pathways. To further
confirm the interaction between EDR4 and CHC2, we performed
Co-IP assays in stable transgenic Arabidopsis plants. We crossed
EDR4-GFP plants with plants expressing MYC-N-CHC2 driven by
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Figure 6. EDR4 Interacts with EDR1.

(A) EDR4 interacts with EDR1 in yeast two-hybrid assays. Yeast cells containing the indicated plasmids were serially diluted from ODg,, = 1 and spotted
on control medium and on selective medium supplemented with 25 mM 3-amino-1,2,4-triazole and 40 p.g/mL X-a-Gal. AD and BD represent pGADT7
and pGBKT7, respectively. T-AD + 53-BD was used as a positive control. CC-EDR4, amino acids 1 to 149 of EDR4, which includes the CC domain;
ACC-EDR4, a deletion variant of EDR4 protein, which lacks amino acids 1 to 149; LCR-EDR4, amino acids 150 to 491 of EDR4, which includes the four
LCR domains; DUF-EDR4, amino acids 492 to 615 of EDR4, which includes the Duf3133 domain.

(B) EDR4 interacted with EDR1 in BiFC assays in N. benthamiana. EDR1 was fused to the N-terminal fragment of YFP, and EDR4 (full length or deletion
form of EDR4) was fused to the C-terminal fragment of YFP. YFP fluorescence indicates an interaction between the two proteins. Bars = 50 pm.
(C) Expression and Co-IP of pEDR1-EDR1-FLAG and pEDR4-EDR4-GFP in Arabidopsis. Total protein was extracted from 4-week-old transgenic plants ex-
pressing both EDR1-FLAG and EDR4-GFP. Plants expressing EDR1-FLAG and GFP (left panels) were used as negative controls. The EDR1-FLAG protein was
immunoprecipitated with anti-FLAG antibody, and the presence of EDR4-GFP or GFP protein was detected by immunoblot analysis with anti-GFP antibody.
These experiments were repeated three times with similar results.

the 35S promoter and used the F2 plants that expressed both control plants (Figure 8B), indicating that EDR4 interacts with
EDR4-GFP and MYC-N-CHC2 in Co-IP assays, with plants CHC2 in Arabidopsis.

that expressed only MYC-N-CHC2 as a negative control. The chc2 mutants display reduced endocytosis rates, as mea-
CHC2 was only detected in the precipitates of leaves that ex- sured by uptake of the endocytic tracer dye FM4-64 (Kitakura et al.,
press EDR4-GFP and MYC-N-CHC2 but not in the negative 2011). To assess whether EDR4 also functions in endocytosis, we
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Figure 7. edr4-1 Affects EDR1 Focal Accumulation at the Interface be-
tween the Powdery Mildew and Arabidopsis.

(A) and (B) Focal accumulation of EDR1-GFP at the pathogen infection
site in epidermal cells of 4-week-old wild-type and edr4-1 plants after
inoculation with G. cichoracearum, shown in different views. Leaves were
stained with propidium iodide in (B). Fungal structures are shown in red.
AP, appressoria; PM, plasma membrane; PP, penetration peg; SH,
secondary hyphae; SP, spores. Bars = 20 um.

(C) Quantitative analysis of powdery mildew-induced EDR1-GFP focal
accumulations (FA) in wild-type and edr4-1 mutant plants. The frequency
was determined by counting the number of focal accumulations present
in 25 random successful penetrations by appressoria per leaf, for three
leaves per line. Bars represent means and sb of values obtained from
three biological replicates per genotype. Statistically significant differ-
ences among the samples are labeled with different letters (P < 0.01,

performed FM4-64 uptake tests on wild-type, edr4-1, and edr4-2
plants, using chc2-1 as an endocytosis-deficient control. The in-
tracellular accumulation of FM4-64 showed clear labeling of endo-
somes in the wild type within 8 min; however, edrd-1, edr4-2,
and chc2-1 mutants showed much less labeling at the same time
(Figures 9A and 9B), indicating that edr4 mutants show reduced
endocytosis rates. By contrast, we did not observe any difference
in FM4-64 uptake between the wild type and edr? mutants
(Supplemental Figure 19). To examine whether CHC2 affects pow-
dery mildew resistance, we infected the chc2-1 and chc2-2 mutants
with G. cichoracearum. The chc2-1 and chc2-2 mutants supported
significantly less fungal growth than the wild type, although the re-
sistance in chc2-1 and chc2-2 mutants was not as strong as in the
edr4-1 mutant (Figures 9C and 9D). In addition, the chc2-1 and
chc2-2 mutants showed higher H,O, and callose accumulation and
stronger activation of MPKs than the wild type (Supplemental Figure
20). The callose accumulation and activation of MPKs in chc2-1 and
chc2-2 were similar to those in edr4-1, but the accumulation of H,O,
was significantly lower than that observed in edr-1 mutants
(Supplemental Figure 20). Taken together, our data indicated that
CHC2 contributes to powdery mildew resistance.

As the chc2 mutants displayed an edr4-like phenotype, and
CHC?2 interacts with EDR4, we then asked whether CHC2 con-
tributes to the relocation of EDR1 and EDR4 upon powdery mildew
infection. To address this question, we transformed EDR1-GFP and
EDR4-GFP constructs into chc2-1, to generate chc2-1 EDR1-GFP
and chc2-1 EDR4-GFP transgenic plants. We then examined the
localization of EDR1-GFP and EDR4-GFP in the chc2-1 mutant. The
localization of EDR1-GFP and EDR4-GFP was similar in wild-type
and chc2-1 plants before powdery mildew infection (Supplemental
Figures 14B and 14C). However, both EDR1-GFP and EDR4-GFP
accumulated at much lower levels at infection sites in chc2-1 than
wild-type leaves at 24 HAI (Figures 9E and 9G). Quantification
analysis also confirmed those results (Figures 9F and 9H).

DISCUSSION

The loss-of-function mutants of EDR4 showed enhanced re-
sistance to G. cichoracearum and increased mildew-induced cell
death. The edr4-mediated resistance included increased callose
deposition, higher levels of H,O,, stronger activation of MPKs,
enhanced expression of pathogenesis-related genes, and higher
levels of SA, which are very similar to previously identified edr1
mutants (Frye et al., 2001). Genetic analysis showed that edr7-
and edr4-mediated resistance both require pathways induced by
SA but not by JA or ethylene. In addition, the edr7 edr4-1 double
mutant displays a similar phenotype to edr? and edr4-1 single
mutants, and keg-4 suppresses the double and single mutants
(Wawrzynska et al., 2008). By contrast, although edr2 also shares
a similar phenotype with edr? and edr4-1, it appears that edr4-1
and edr2 function by different mechanisms, as the edr2 mutation
enhances edr4-mediated resistance and mildew-induced cell
death phenotypes and keg-4 suppresses edr4-1 but not edr2. In

one-way ANOVA). The experiments were repeated three times with
similar results.
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Figure 8. EDR4 Interacts with CHC2 in Vivo.

(A) BiFC assays in N. benthamiana show interactions between YN-N-
CHC2 and YC-EDR4. The N-terminal domain (amino acids 1 to 1016) of
CHC2 was fused to the N-terminal fragment of YFP, and the fragments,
including full-length EDR4, the CC domain, four LCR domains, and the
Duf3133 domain of EDR4, were fused to the C-terminal fragment of YFP.
YFP fluorescence indicates an interaction between the two proteins. The
experiments were repeated three times with similar results. Bars = 30
pm.

(B) Expression and Co-IP of pEDR4-EDR4-GFP and 35S-MYC-N-CHC2
in Arabidopsis. Total protein was extracted from 4-week-old transgenic
plants expressing both EDR4-GFP and MYC-N-CHC2. The EDR4-GFP
protein was immunoprecipitated with anti-GFP antibody, and the pres-
ence of MYC-N-CHC2 protein was detected by immunoblot analysis
with anti-MYC antibody. The experiments were repeated three times with
similar results.
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addition, similar to the edr? mutant, edr4-mediated resistance
also requires MPK3, MKK4, and MKK5. Taken together, these
observations strongly suggest that EDR7 and EDR4 may function
in the same pathway to regulate powdery mildew resistance and
cell death, and this pathway requires KEG function.

EDR4 encodes an unknown protein, and its biological function
is not clear; however, several lines of evidence suggest that EDR4
may contribute to clathrin-mediated pathways. First, EDR4
interacts with CHC2, the clathrin-coated vesicle component in
clathrin-mediated pathways (Arabidopsis Interactome Mapping
Consortium, 2011). Second, EDR4-GFP shows intracellular
movement. Third, edr4 mutants display defects in FM4-64 up-
take, similar to the phenotype of chc2 mutants (Kitakura et al.,
2011). In plants, several evolutionarily conserved CME compo-
nents have already been identified, including clathrin, the actin
cytoskeleton, dynamin-related proteins, and accessory adaptor
proteins (Chen et al., 2011). One possibility is that EDR4 may
function as an accessory adaptor protein, which links cargo to
clathrin and transports the associated cargo to its destination,
although more evidence is needed to support this hypothesis.

Increasing evidence shows that vesicle trafficking plays important
roles in plant defense. For example, PEN1-mediated vesicle
trafficking is important for nonhost resistance (Nielsen and Thordal-
Christensen, 2013), and MIN7-mediated vesicle trafficking contrib-
utes to resistance to bacterial pathogens (Nomura et al., 2011). In
addition, internalization of FLS2 by vesicle trafficking is also critical
for the activation of FLS2-mediated responses (Robatzek et al.,
2006). However, PEN1- and MIN7-mediated vesicle trafficking, as
well as internalization of FLS2, all play positive roles in plant im-
munity. By contrast, loss-of-function mutation of EDR4 leads to
enhanced disease resistance, suggesting that EDR4 plays a nega-
tive role in plant immunity. Similarly, mutations in CHC2, the heavy
chain of clathrin, which associates with EDR4, also show enhanced
disease resistance to powdery mildew, suggesting a negative role of
CHC2 in powdery mildew resistance. Why does EDR4-mediated
vesicle trafficking have negative effects on plant immunity? The
simplest explanation is that resistance in edr4 results from the
mislocalization of EDR1, a negative regulator of defense responses,
as EDR4 may help to transport EDR1 to the infection site. Recently,
we showed that EDR1 interacts with MKK4/MKK5 and negatively
affects the MAPK cascade to fine-tune plant disease resistance
(Zhao et al., 2014). In this context, EDR1 transport to the fungal
infection site likely keeps the activation of the MAPK pathway at low
levels. By contrast, in edr4 mutants, failure to transport EDR1 to the
infection site results in MAPK pathway activation to high levels,
which leads to the enhanced resistance and cell death in edrd
mutants, similar to edr7. However, it is worthwhile to note that the
chc2 mutant did not show strong resistance to powdery mildew, in
contrast with the edr4 mutant, indicating that factors in addition to
the reduced recruitment of EDR1 to the sites of penetration cause
the enhanced disease resistance phenotype of the edr4 mutants.

Similar to EDR1 and EDR4, PEN1 accumulates at penetration
sites upon powdery mildew infection. However, PEN1 accumu-
lates at both papillae and plasma membrane at B. graminis f sp
hordei penetration sites (Meyer et al., 2009), while EDR1 and EDR4
accumulate on the plasma membrane but not at papillae. Recent
work shows that the accumulation of PEN1 on papillae may have
no direct effect on penetration resistance; instead, PEN1 may
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Figure 9. edr4 Mutants Show Defects in FM4-64 Uptake; Focal Accu-
mulation of EDR1 and EDR4 Requires CHC2.

(A) Delay of FM4-64 uptake in the edr4 mutants. Intracellular accumu-
lation of FM4-64 was examined at 8 min after staining with 2 uM FM4-64
in root tip cells of 5-d-old seedlings of the wild type and edr4-1, edr4-2,
and chc2-1 mutants. Bars = 10 pm.

(B) Quantification of relative FM4-64 uptake. The bars represent
means and sb (n > 50 cells analyzed). Statistically significant dif-
ferences among the samples are labeled with different letters (P <
0.01, one-way ANOVA). The experiments were repeated three times
with similar results.

function on the endosome and trans-Golgi network, and recycling
mediated by PEN1 could be an important response to fungal in-
fection (Nielsen and Thordal-Christensen, 2013). In this context,
recycling of EDR1 by an EDR4-mediated pathway could play an
important role in the negative regulation of powdery mildew re-
sistance. Regarding recycling of EDR1, one important question is
why plants need to transport a negative regulator of defense to
infection sites to suppress immunity. One possible explanation is
that plants have developed sophisticated mechanisms to regulate
innate immunity, in which many positive and negative regulators
are recruited and deployed at the infection sites, thus allowing the
plant to fine-tune its defenses in response to different situations.
Deployment of the negative regulators to the infection site could
prevent inappropriate activation of plant immunity or limit plant
immunity to appropriate levels.

KEG plays a critical role in multiple intracellular trafficking pro-
cesses, including vacuole biogenesis, targeting of membrane-as-
sociated proteins to the vacuole, and secretion of apoplastic
proteins (Gu and Innes, 2012). Mutation of KEG specifically sup-
presses edr1-mediated resistance, but how KEG affects edr7-
mediated defenses remains unclear. KEG associates with EDR1
and also moves to the site of infection (Gu and Innes, 2012). Al-
though KEG does not physically associate with EDR4, it will
be interesting to see whether the movement of KEG to the
G. cichoracearum infection sites requires EDR4. Recently, ATL1 was
identified as a potential substrate of EDR1. ATL1 interacts with
EDR1 in the TGN/EE and constitutively cycles between the plasma
membrane and the TGN/EE (Serrano et al., 2014). It would be
interesting to examine whether edr4-mediated powdery mildew
resistance requires ATL1 and whether EDR4 contributes to the
recycling of ATL1.

The resistance and cell death mediated by edr7 and edr4 require
intact SA signaling. SA interferes with endocytosis and affects the
cycling of proteins at the plasma membrane (Du et al., 2013). Also,
the impact of SA on endocytosis involves clathrin, as clathrin
mutants show less sensitivity to SA. Interestingly, the effect of SA
on CME does not require NPR1, indicating that SA affects CME by
different mechanisms and is not involved in transcriptional regu-
lation by NPR1. This suggests that CME has a complicated role in

(C) Photographs and trypan blue staining of representative leaves removed
from 4-week-old wild-type, chc2-1, chc2-2, and edr4-1 plants at 8 DAI with
G. cichoracearum. Bars in top panels = 0.5 cm; bar in bottom panels = 100 wm.
(D) Quantitative analysis of conidiophore formation on 4-week-old wild-
type, chc2-1, chc2-2, and edr4-1 plants inoculated with G. cichor-
acearum at 6 DAI. The bars represent means and sp. The experiment was
repeated three times with similar results (n = 20). Statistically significant
differences are labeled with different letters (P < 0.01, one-way ANOVA).
The experiments were repeated three times with similar results.

(E) and (G) Focal accumulation of EDR1-GFP (E) or EDR4-GFP (G) at the
pathogen infection site in epidermal cells of 4-week-old wild-type and
chc2-1 plants after inoculation with G. cichoracearum at 24 HAI. PM,
plasma membrane; PP, penetration peg. Bars = 10 pm.

(F) and (H) Quantitative analysis of powdery mildew-induced EDR1-GFP
(F) or EDR4-GFP (H) focal accumulations (FA) in wild-type and chc2-1
plants. Bars represent means and sb of values obtained from three bi-
ological replicates per genotype. Statistically significant differences
among the samples are labeled with different letters (P < 0.01, one-way
ANOVA). The experiments were repeated three times with similar results.



plant immunity; for example, it remains to be tested whether SA
affects an EDR4-mediated pathway and whether the interference
of CME by SA represents a novel mechanism for SA regulation of
plant immunity.

In this study, we demonstrated that EDR4 plays important roles
in plant disease resistance and regulates EDR1 focal accumulation
by forming a complex to affect plant defenses. However, several
questions remain to be answered. Does EDR4 play a role in cla-
thrin-mediated pathways? What are the other proteins that EDR4
helps to relocate? Does EDR4 contribute to CME? Answering
these questions will increase our understanding of the functions of
clathrin-mediated pathways in plant immunity.

METHODS

Plant Growth and Materials

Arabidopsis thaliana seeds were surface-sterilized and chilled at 4°C for 3 d,
then sown on plates containing half-strength Murashige and Skoog medium
with 1% sucrose. For phenotyping, plants were grown in a growth room with
a 9-h-light/15-h-dark photoperiod, light intensity of 7000 to 8000 lux, and
relative humidity of 50 to 60% at 21 to 24°C. Seedlings were transplanted
into soil 7 d after germination. For seed set, the plants were placed in
a growth room at 21 to 24°C with a long-day photoperiod (16-h-light/8-h-
dark cycle). Nicotiana benthamiana plants used for transient expression were
grown under the same short-day conditions as Arabidopsis.

Powdery Mildew Infections

Four-week-old plants were inoculated with Golovinomyces cichoracearum,
and the number of conidiophores per colony was counted at 6 DA, as de-
scribed previously (Wang et al., 2011). Trypan blue staining was used to
monitor the fungal structures and dead plant cells (Frye and Innes, 1998). H,0,
accumulation was detected by staining with DAB (Xiao et al., 2005), and callose
deposition was detected by aniline blue staining (Pan et al., 2012). Quantitative
analysis of callose and H,0, accumulation followed the method described
previously (Zhang et al., 2007; Yoshimoto et al., 2009). The samples were
observed and photographed with an Olympus BX53 microscope.

Construction of Double Mutants

Double and triple mutants were created by standard genetic crosses with
previously described mutant alleles, including eds7-2 (Bartsch et al., 2006),
eds5-1 (Nawrath et al., 2002), pad4-1 (Jirage et al., 1999), npr1-63 (Alonso
etal., 2003), coi1-1 (Xie et al., 1998), ein2-1 (Guzman and Ecker, 1990), sid2-
2 (Wildermuth et al., 2001), edr? (Frye et al., 2001), edr71-2 (Hiruma et al.,
2011), edr2 (Tang et al., 2005), keg-4 (Wawrzynska et al., 2008), chc2-1 and
chc2-2 (Kitakura et al., 2011), mpk3-1 and mpk6-3 (Bartels et al., 2009), and
mkk4-18 and mkk5-18 (Zhao et al., 2014). All the plants used were in the
Col-0 background, except for coi-1 (in the Columbia-6 background). The
genotypes of mutants were confirmed by PCR using the primers listed in
Supplemental Table 1.

Map-Based Cloning of EDR4

To map EDR4, edrd-1 was crossed with Landsberg erecta to generate
a segregating population. Initially, the edr4-1 mutation was mapped between
markers CTR1 and CIW14 on chromosome 5. Fine-mapping narrowed the
mutation to a 50-kb interval spanning the 3’ end of BAC clone K2A11
(GenBank accession number AB018111.1) and the 5’ end of BAC K18I123
(GenBank accession number AB010692.1). We subsequently amplified and
sequenced all 19 predicted genes in this region.
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For complementation analysis, a 5.0-kb genomic DNA of At5g05190 from
the wild type was amplified and inserted into the pPCAMBIA1300 vector. The
constructs were verified by sequencing and introduced into Agrobacterium
tumefaciens GV3101, then transformed into edr4-1 plants using the floral dip
method (Clough and Bent, 1998). Transgenic plants were selected on half-
strength Murashige and Skoog medium containing 50 mg/L hygromycin
(Sigma-Aldrich). Transformants were transplanted to soil 7 d after germi-
nation, and T1 transgenic plants were used for phenotyping.

The primers used are listed in Supplemental Table 1.

Real-Time PCR Analysis and SA Quantification

Real-time PCR to measure transcript accumulation was performed as
described (Nie et al., 2012). SA extraction and measurement were per-
formed as described (Gou et al., 2009).

Confocal Microscopy and FRAP

To produce the pEDR4-EDR4-GFP construct, the genomic sequence or coding
sequence (CDS) without the stop codon of EDR4 was amplified (primer se-
quences are listed in Supplemental Table 1) and cloned into the Gateway entry
vector pDONR207 using the BP Clonase kit (Invitrogen). The fragment was then
cloned into pMDC107 with the LR Clonase kit (Invitrogen). The constructs were
introduced into Agrobacterium strain GV3101 and then transformed into the
edrd-1 mutant. Similarly, ACC-EDR4 (CC domain deletion) was cloned into
pEarleyGate302 vector with EDR4 promoter and C-terminal FLAG fusion. The
PEDR1-EDR1-GFP (Zhao et al., 2014) and NAG-GFP (Essl et al., 1999) lines
were described previously. The TGN/EE and late endosome markers SYP61
and ARA6 (Gu and Innes, 2011, 2012; Serrano et al., 2014) were introduced
into EDR4-GFP plants by transformation, respectively. The ER marker line
expressing HDEL-mCherry and the cis-Golgi marker line expressing SYP32-
mCherry (Nelson et al., 2007; Geldner et al., 2009) were introduced into EDR4-
GFP plants by genetic crosses. Confocal imaging was performed on an inverted
Zeiss LSM 710 NLO microscope with ZEN 2009 software. Quantification of
colocalization was performed as described previously (Herda et al., 2012). To
visualize fungal structures, the infected leaves were stained with 0.01 mg/mL
propidium iodide for 15 min (Ramonell et al., 2005). Calculating the focal ac-
cumulations of EDR1-GFP upon powdery mildew infection was performed as
described previously (Underwood and Somerville, 2013).

FRAP assays were performed on a region of focal accumulation or a distal
plasma membrane site as described previously (Bhat et al., 2005). Briefly,
Arabidopsis leaves were bleached using the 488-nm argon laser line 50 times
at 100% intensity. Images were collected 2 min before bleaching and at
different time points after bleaching. Fluorescence intensity at each time
point for each bleached site was determined using Imaged software. Relative
intensity values were normalized based on focal accumulation before and
after bleaching.

FM4-64 Uptake Assay

The FM4-64 uptake assay was performed as described previously, with
minor changes (Kitakura et al., 2011). Five-day-old seedlings were in-
cubated with 2 uM FM4-64 for 8 min. The roots of seedlings were observed
by confocal microscopy. The mean pixel intensity of the cytosolic side of
cells and the adjacent plasma membrane was measured with Imaged. Then,
the quotients of values for the cytosolic side and the plasma membrane
were calculated.

Plasmolysis

The plasmolysis assay was performed as described previously (Un-
derwood and Somerville, 2013). For plasmolysis observation, Arabidopsis
leaves infected with G. cichoracearum at 24 HAI were soaked in 0.85 M
NaCl for 15 min and then observed by confocal microscopy.
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MAPK Assay

Total protein from leaves was extracted as described (Liu et al., 2010). The
activated MAPKs were detected using anti-pTEpY primary antibodies
(Cell Signaling Technology).

Yeast Two-Hybrid Assays

CDSs of EDR1, EDR1 N-terminal domain, and EDR1 C-terminal domain
were cloned into pGBKT7 (Zhao et al., 2014). CDSs of KEG, EDR4, and
deletion variants of EDR4 were amplified and ligated into pPGADT7. The CDS
of EDR4 was also cloned into pGBKT7. The plasmids were cotransformed
into yeast strain Y190, and positive clones were selected on SD/-Leu/-Trp
medium and then verified by PCR amplification of both cotransformed
genes. Verified clones were selected on SD/-Leu/-Trp/-His medium with 25
mM 3-amino-1,2,4-triazole (Sigma-Aldrich) and stained with 40 wg/mL
X-Gal (Clontech) to determine B-galactosidase activity.

BiFC Analysis

35S-YN-EDR1 was described previously (Zhao et al., 2014). To generate
358-YC fusion constructs, CDSs of KEG, EDR4, and the deletion variants of
EDR4 were cloned into pSY735 (Bracha-Drori et al., 2004) in frame with
YFPC. Then, the fusion sequences were amplified and cloned into the binary
vector pMDC32. Similarly, to generate 35S-YN-N-CHC2 and 35S-YN-KEG,
CDSs of CHC2 (encoding the N-terminal domain amino acids 1 to 1016 of
CHC2) and KEG were first cloned into pSY736 in frame with YFPN and then
cloned into pMDC32. The plasmid was subsequently introduced into
Agrobacterium strain GV3101. Reconstitution of YFP fluorescence was
examined by transient coexpression in 4-week-old N. benthamiana by in-
filtration with Agrobacterium strain GV3101 carrying different YFPN and YFPC
pairs, as described (Zhao et al., 2014). Samples were observed by confocal
microscopy 2 DAI.

Protein Extraction and Co-IP Assays

For EDR1 and EDR4 Co-IP assays in Arabidopsis, transgenic edr? plants
expressing pEDR1-EDR1-FLAG (Zhao et al., 2014) were crossed with edr4-1
plants expressing pEDR4-EDR4-GFP or 35S-GFP. The leaf samples were
from 4-week-old F2 plants expressing both EDR1-FLAG and EDR4-GFP or
F1 plants expressing EDR1-FLAG and GFP. For CHC2 and EDR4 Co-IP
assays in Arabidopsis, CDS of CHC2 (encoding the N-terminal domain
amino acids 1 to 1016 of CHC2) was cloned into pEarleyGate203 vector with
the 35S promoter and N-terminal MYC tag. The derived 35S-MYC-N-CHC2
construct was transformed into Col-0 plants, and the transgenic plants were
then crossed with EDR4-GFP plants. The leaves from 4-week-old F2 plants
expressing both MYC-N-CHC2 and EDR4-GFP or MYC-N-CHC2 were used
for Co-IP assays. The protein was extracted using NB1 buffer plus 0.2% (v/v)
IGEPAL CA-630 (Sigma-Aldrich) (Liu et al., 2010), and Co-IP assays were
performed as described previously (Shi et al., 2013).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: EDR4 (AT5G05190), SYP32 (AT3G24350), SYP61 (AT1G28490),
ARA6 (AT3G54840), PEN1 (AT3G11820), EDR1 (AT1G08720), KEG
(AT5G13530), CHC2 (AT3G08530), ACT2 (AT3G18780), PR1 (AT2G14610),
PR2 (AT3G57260), and PR5 (AT1G75040).

Supplemental Data

Supplemental Figure 1. The Growth Phenotype of edr4-1 Mutants
under Short and Long Day Conditions.

Supplemental Figure 2. Quantification of H,0, and Callose Accumu-
lation in edr4-1 after G. cichoracearum Infection.

Supplemental Figure 3. Quantitative Analysis of Conidiophore For-
mation on Inoculated Leaves of Wild Type, edr4-1, and Different
Double Mutant Plants with G. cichoracearum at 6 DAI.

Supplemental Figure 4. Identification and Complementation of the
edr4-1 Mutation.

Supplemental Figure 5. EDR4-GFP Fusion Protein Complemented
the edr4-1 Powdery Mildew Resistance Phenotype.

Supplemental Figure 6. Selected Frames of Supplemental Movies 1,
2, and 3.

Supplemental Figure 7. NAG-GFP Proteins Did Not Accumulate at
the Penetration Site upon G. cichoracearum Infection.

Supplemental Figure 8. EDR4 and EDR1 Localize to the Plasma
Membrane, Not Papillae.

Supplemental Figure 9. The edr2 Mutation Enhances the edr4-
Mediated Powdery Mildew Resistance Phenotype.

Supplemental Figure 10. edr4-Mediated Resistance Requires the
MAPK Pathway.

Supplemental Figure 11. EDR4 Interacts with N-Terminal Domain of
EDR1 in Yeast Two-Hybrid Assays.

Supplemental Figure 12. EDR4 Interacts with EDR1, Not KEG, in
Vivo.

Supplemental Figure 13. EDR4 Colocalizes with EDR1.

Supplemental Figure 14. The edr4-1 and chc2-1 Mutations Did Not
Affect EDR1-GFP Localization in Uninfected Leaves.

Supplemental Figure 15. The EDR4 Coiled-Coil Domain Is Required
for EDR4 Function.

Supplemental Figure 16. EDR1-GFP Localization in an EDR4-CC-
Domain Deletion Background.

Supplemental Figure 17. The edr7-1 Mutation Did Not Affect EDR4-
GFP Localization in Uninfected and Infected Leaves.

Supplemental Figure 18. FRAP Analysis of EDR1-GFP and EDR4-
GFP Focal Accumulation at Powdery Mildew Penetration Sites.

Supplemental Figure 19. The edr? Mutant Did Not Show Defects in
FM4-64 Uptake.
Supplemental Figure 20. The chc2 Mutants Show Increased Accu-

mulation of H,O, and Callose Deposition and Stronger MPK Activa-
tion.

Supplemental Table 1. Primers Used in This Study.

Supplemental Movie 1. EDR4-GFP Intracellular Trafficking in a Root
Cell.

Supplemental Movie 2. EDR4-GFP Intracellular Trafficking in an
Epidermal Cell.

Supplemental Movie 3. EDR1-GFP Intracellular Trafficking in an
Epidermal Cell.
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