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SUMMARY

Plants employ multiple cell-autonomous defense mechanisms to impede pathogenesis of microbial intrud-

ers. Previously we identified an exocytosis defense mechanism in Arabidopsis against pathogenic powdery

mildew fungi. This pre-invasive defense mechanism depends on the formation of ternary protein complexes

consisting of the plasma membrane-localized PEN1 syntaxin, the adaptor protein SNAP33 and closely

sequence-related vesicle-resident VAMP721 or VAMP722 proteins. The Arabidopsis thaliana resistance to

powdery mildew 8.2 protein (RPW8.2) confers disease resistance against powdery mildews upon fungal

entry into host cells and is specifically targeted to the extrahaustorial membrane (EHM), which envelops the

haustorial complex of the fungus. However, the secretory machinery involved in trafficking RPW8.2 to the

EHM is unknown. Here we report that RPW8.2 is transiently located on VAMP721/722 vesicles, and later

incorporated into the EHM of mature haustoria. Resistance activity of RPW8.2 against the powdery mildew

Golovinomyces orontii is greatly diminished in the absence of VAMP721 but only slightly so in the absence

of VAMP722. Consistent with this result, trafficking of RPW8.2 to the EHM is delayed in the absence of

VAMP721. These findings implicate VAMP721/722 vesicles as key components of the secretory machinery

for carrying RPW8.2 to the plant–fungal interface. Quantitative fluorescence recovery after photobleaching

suggests that vesicle-mediated trafficking of RPW8.2–yellow fluorescent protein (YFP) to the EHM occurs

transiently during early haustorial development and that lateral diffusion of RPW8.2–YFP within the EHM

exceeds vesicle-mediated replenishment of RPW8.2–YFP in mature haustoria. Our findings imply the

engagement of VAMP721/722 in a bifurcated trafficking pathway for pre-invasive defense at the cell periph-

ery and post-invasive defense at the EHM.

Keywords: VAMP721/722 vesicles, RPW8.2 trafficking, haustorial complex, extrahaustorial membrane,

vesicle trafficking, secretion, plant–fungal interface, Arabidopsis, Golovinomyces orontii, Exocytosis.

INTRODUCTION

Powdery mildew fungi (Ascomycotina, Erysiphales) are

obligate biotrophic pathogens, requiring a living host plant

for their growth and reproduction, and they cause disease

on about 10 000 angiosperm species, including barley,

wheat, cucurbits, grapes and tree fruits, as well as the

model plant Arabidopsis (Micali et al., 2008). Conidiosp-

ores germinating on the surface of the plant leaf produce

appressoria, which break through the plant cuticle and cell

wall to form specialized feeding structures called haustoria

inside the living epidermal cells of the plant. Subsequently

these fungi proliferate extensively on the leaf surface as a

branched epiphytic mycelium that produces further sec-

ondary haustoria and finally sporulating structures, i.e.

conidiophores and conidiospores (Xiao et al., 2001; Micali
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et al., 2008). During invasion of host cells haustoria

become enveloped by a highly modified host-derived

membrane, the extrahaustorial membrane (EHM), which

separates the haustorium from the host cytoplasm. The

EHM provides a pivotal interface for the uptake of nutrients

and water from the host and for the delivery of effector

proteins secreted by the fungus to manipulate host cells

(Bozkurt et al., 2011; Caillaud et al., 2012). The EHM is con-

tinuous with the plant plasma membrane but has a mark-

edly different structure and composition. Thus, with

transmission electron microscopy, the EHM appears

thicker and more convoluted than the normal plasma

membrane and lacks biochemical markers such as ATPase

activity (Gil and Gay, 1977; Spencer-Phillips and Gay, 1981;

Micali et al., 2011). More recent cell biological studies have

revealed that many plant plasma membrane proteins are

also excluded from the EHM (Koh et al., 2005; Meyer et al.,

2009; Micali et al., 2011). Based on these findings, two

models for EHM biogenesis were proposed, namely invagi-

nation of the plasma membrane followed by membrane

differentiation or de novo synthesis by means of targeted

vesicle trafficking (Koh et al., 2005). However, despite

many advances in our understanding of protein trafficking

pathways in plant cells, the mechanism of EHM biogenesis

remains obscure.

The Arabidopsis genome encodes 60 SNARE (soluble

N-ethylmaleimide-sensitive factor adaptor protein recep-

tors) family members which are grouped into four sub-

types, denoted as Qa, Qb, Qc and R-SNAREs. The

R-SNARE subfamily consists of 15 members assigned to

four sequence-diversified groups, designated VAMP71s,

VAMP72s, YKT6s and SEC22s (Lipka et al., 2007). Previ-

ously we showed that the vesicle-resident R-SNARE pro-

teins VAMP721/722 form a ternary SNARE complex

together with the plasma membrane-resident PEN1 Qa

SNARE (syntaxin) and the adaptor protein Qb+Qc SNARE

SNAP33 that is required for vesicle-mediated immune

responses (Kwon et al., 2008). VAMP721/722 proteins are

also found at the cell plate during the cytokinesis of Ara-

bidopsis root cells (Zhang et al., 2011). VAMP721/722 vesi-

cles probably originate from the trans-Golgi network

(TGN), where they partly co-localize with SYP43 protein, a

Qa SNARE resident at the TGN (Uemura et al., 2012).

Recently it was reported that VAMP721/722 vesicles are

required for sustained plant growth during immune

responses and following application of exogenous ABA

(Yi et al., 2013; Yun et al., 2013). Although VAMP721/722

proteins are known to be functionally redundant for extra-

cellular immune responses, there are some clues suggest-

ing they have distinct functions in plant defense. Thus,

VAMP721�/� VAMP722+/� mutant plants showed hypersus-

ceptibility to the oomycete pathogen Hyaloperonospora

parasitica, while VAMP721+/� VAMP722�/� mutant plants

showed an increased frequency of host cell entry by the

non-adapted powdery mildew fungus Erysiphe pisi (Kwon

et al., 2008). However, it is unknown which molecular car-

gos are carried by VAMP721/722 vesicles for the execution

of defense responses.

The Arabidopsis thaliana resistance to powdery mildew

proteins RPW8.1 and RPW8.2 were first identified in Ara-

bidopsis accession Ms-0 and shown to confer broad-spec-

trum resistance to diverse species of powdery mildew

fungi (Xiao et al., 2001; Wang et al., 2007). RPW8.1 and

RPW8.2 are 18–20 kDa proteins comprising a predicted

N-terminal transmembrane domain and one to two coiled-

coil domain(s) (Xiao et al., 2001). As such, they represent a

class of atypical resistance (R) proteins that show no obvi-

ous similarity to the intracellular nucleotide-binding

domain and leucine-rich repeat (NLR) family of plant R pro-

teins mediating pathogen effector-triggered immunity (ETI)

(Xiao et al., 2001; Maekawa et al., 2011). However, RPW8.1

and RPW8.2 resistance proteins share with a subset of

NLRs the engagement of the regulatory lipase-like protein

EDS1 for the function of disease resistance and activation

of a host cell death response (Xiao et al., 2001). The tran-

scription of RPW8.2 is highly induced upon infection by

powdery mildew fungi and the protein becomes specifi-

cally targeted to the EHM during differentiation of the

haustorium, where it mediates highly localized defense

responses such as encasement of the haustorium by cal-

lose and accumulation of H2O2 at the haustorial interface

(Wang et al., 2009). In common with ETI, these hausto-

rium-focused defenses mediated by RPW8.2 are dependent

on EDS1 and the SA-signaling pathway (Xiao et al., 2001,

2003).

Based on a comprehensive mutational analysis, it was

recently shown that specific targeting of RPW8.2 to the

EHM requires two short motifs (R/K-R/K-xR/K) and an N-ter-

minal transmembrane domain, which together define a

minimal 60 amino acid core-targeting motif (Wang et al.,

2013). Using fluorescent protein tagging, RPW8.2 and ver-

sions of the protein mutated in this core-targeting motif

were detected in unidentified vesicle-like structures in the

host cytoplasm (Wang et al., 2009, 2013). In a previous

study on Golovinomyces orontii haustoria, we also

showed that RPW8.2–yellow fluorescent protein (YFP) is

incorporated into the EHM in a time-dependent manner,

with the fusion protein abundant in the EHM around fully

expanded haustoria (Micali et al., 2011). In the present

study, we used a combination of genetic and cell biological

approaches to show that RPW8.2 is initially carried on

VAMP721/722 vesicles, and that VAMP721, and to a much

lesser extent VAMP722, are essential for transporting

RPW8.2 to the EHM and for the defense activity of RPW8.2.

Thus, VAMP721/722 vesicles are revealed to be key compo-

nents of a secretory pathway that specifically carries

RPW8.2, and possibly other protein and lipid components,

to the EHM.
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RESULTS

RPW8.2 is targeted to the EHM upon infection by

G. orontii

To monitor the dynamics of RPW8.2 trafficking in Arabid-

opsis leaf epidermal cells upon inoculation with the host-

adapted powdery mildew G. orontii, we generated

transgenic lines expressing RPW8.2–YFP under the native

promoter, using a construct described previously (Wang

et al., 2007). Following inoculation of 4-week-old plants

with G. orontii conidiospores, we found that RPW8.2–YFP

first appeared at sites of attempted fungal entry at about

18 h post-inoculation (hpi), when small, punctate vesicle-

like structures were visible in the cytoplasm of infected epi-

dermal cells. RPW8.2–YFP labeled punctate structures were

more numerous and appeared concentrated in the cyto-

plasm around haustoria at 24 hpi (Figure 1a). At 48 hpi, the

RPW8.2–YFP fusion protein strongly labeled the EHM of

fully mature haustoria (Figure 1b), but the number of

labeled punctate structures in haustoria-containing cells

was dramatically reduced or not detectable at this stage.

The specific localization of RPW8.2 proteins in the EHM of

G. orontii haustoria was confirmed using the higher reso-

lution of TEM immunogold labeling with transgenic plants

expressing RPW8.2-RFP and anti-RFP antibodies (Figure 1c,

d, Figure S1 in Supporting Information, Methods S1)

(Sarnowska et al., 2013).

RPW8.2 transiently co-localizes with VAMP721/722

vesicles

To obtain insight into the nature of the secretory machin-

ery required for trafficking RPW8.2 protein to the EHM, we

investigated the identity of the punctate structures visible

in the early stages of haustorium formation. In our previ-

ous studies (Kwon et al., 2008; Yun et al., 2013), VAMP721/

722 vesicles were shown to act as functionally overlapping

(a)

(b)

(c) (d)

Figure 1. Trafficking of RPW8.2 protein to the

extrahaustorial membrane (EHM) upon Golovi-

nomyces orontii infection.

(a), (b) Confocal microscope images from single

optical sections of Arabidopsis leaf epidermal

cells expressing RPW8.2-YFP infected by G. oro-

ntii. The yellow fluorescent protein (YFP) fluo-

rescence is presented in green. White dashed

lines outline G. orontii conidiospores and ap-

pressoria. Scale bars = 10 lm. (a) 18 hours post-

inoculation (hpi) to 24 hpi. Focal accumulation

of RPW8.2–YFP beneath the fungal appresso-

rium corresponds to a callose papilla formed at

the penetration site (red arrowhead). Note

numerous punctate, vesicle-like structures in the

cytoplasm of infected epidermal cells are

labeled by RPW8.2–YFP (white arrowheads). The

EHM (black arrowhead) of a young, expanding

haustorium is strongly labeled by RPW8.2–YFP.
(b) 48 hpi. The EHM (black arrowhead) around a

mature, fully expanded haustorium is strongly

labeled by RPW8.2–YFP. The haustorial encase-

ment (white arrow) is also weakly labeled.

(c), (d) Transmission electron microscopy

immunogold images showing an Arabidopsis

cotyledon epidermal cell expressing RPW8.2–
RFP infected by a mature haustorium of G. oro-

ntii at 48 hpi. (c) Overview and (d) an enlarge-

ment of the boxed region in (c). The

extrahaustorial membrane (arrows) is specifi-

cally labeled by anti-RFP antibody. The hausto-

rium is surrounded by a thin layer of plant

cytoplasm (PC). FW, fungal cell wall; EHMx, ex-

trahaustorial matrix; FP, fungal plasma mem-

brane; L, haustorial lobe; Nu, nucleus; PV, plant

vacuole. Scale bars: 500 nm.
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components of a vesicle-mediated exocytosis pathway that

is involved in disease resistance to the non-adapted pow-

dery mildew Blumeria graminis and Erysiphe pisi and the

host-adapted powdery mildew G. orontii. These VAMP721

and VAMP722 proteins were reported to be localized on

mobile, punctate structures inside host cells. To examine

whether the punctate structures labeled by RPW8.2–YFP

are the same, we generated transgenic plants co-express-

ing RPW8.2–YFP (Wang et al., 2007) and mRFP-VAMP722

(Uemura et al., 2012) under their respective, native 50 regu-
latory sequences. Remarkably, at early infection stages

(18–24 hpi) RPW8.2–YFP and mRFP–VAMP722 were tran-

siently co-localized at the same punctate vesicle-like struc-

tures in infected epidermal cells (Figures 2a and S2). The

co-localized structures were distributed throughout the

infected cell, from the incipient entry site beneath the fun-

gal appressorium to the much deeper focal planes contain-

ing the haustorial body. At those focal planes providing a

cross-section through the haustorium (orientation as

shown in the inset to Figure 2a), RPW8.2–YFP and mRFP–

VAMP722, respectively, labeled discrete inner and outer

regions of the haustorial complex. Thus, RPW8.2–YFP

labeled the EHM near the haustorial neck while mRFP–

VAMP722 labelled the surrounding haustorial encasement.

In cells containing fully mature haustoria at 48 hpi,

RPW8.2–YFP proteins were strongly incorporated into the

EHM as well as the haustorial encasement. In contrast,

mRFP–VAMP722 proteins were incorporated into the

(a)

(b)

(c)

Figure 2. Transient co-localization of RPW8.2 with VAMP721/722 vesicles and their targeting at haustorial complexes.

Confocal microscope images of Golovinomyces orontii infecting Arabidopsis leaf epidermal cells co-expressing either RPW8.2-YFP (green)/mRFP-VAMP722

(red) or RPW8.2-RFP (red)/GFP-VAMP721 (green). Insets in the merged panel correspond to an enlarged region of co-localized structures in the main image.

Scale bars = 10 lm.

(a) RPW8.2–YFP proteins are transiently carried on mRFP–VAMP722 labeled vesicles during invasive growth of G. orontii at 24 h post-infection (hpi). White

dashed lines outline the G. orontii conidiospore and appressorium. Cartoon insets indicate the approximate position of the single optical sections presented in

(a) in relation to the haustorium (H, white asterisk; extrahaustorial membrane green; haustorial encasement red). White arrowheads indicate vesicles where

RPW8.2–YFP and mRFP–VAMP722 co-localize, green arrowheads indicate vesicles labeled only by RPW8.2–YFP and red arrowheads indicate vesicles labeled

only by mRFP–VAMP722.

(b) Fully expanded haustorium of G. orontii at 48 hpi. After arrival at the haustorium, RPW8.2–YFP proteins are incorporated into the extrahaustorial membrane

(EHM; black arrowhead) and the extrahaustorial encasement (white arrow), while mRFP-VAMP722 proteins are incorporated into the encasement only.

(c) RPW8.2–RFP proteins are transiently carried on GFP–VAMP721 labeled vesicles during invasive growth of G. orontii and incorporated into the EHM (black

arrowhead) at 30 hpi. White arrowheads indicate vesicles on which RPW8.2–RFP and GFP–VAMP722 co-localize.

© 2014 The Authors
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encasement but not the EHM (Figure 2b). Similarly, in

transgenic plants co-expressing RPW8.2–RFP (Wang et al.,

2007) and GFP–VAMP721 (Ebine et al., 2011) under their

respective native 50 regulatory sequences, the fusion pro-

teins also co-localized at punctate vesicle-like structures in

epidermal cells containing young haustoria of G. orontii at

30 hpi (Figure 2c). Taken together, these data demonstrate

that RPW8.2 proteins are transiently carried to the EHM on

VAMP721/722 vesicles during infection by G. orontii.

To determine whether trafficking of RPW8.2 protein

depends on VAMP721/722 gene dosage, we also generated

RPW8.2–YFP expressing transgenic lines by introducing the

corresponding transgene independently in the genetic

background of VAMP721�/� VAMP722+/� and VAMP721+/�

VAMP722�/� haploinsufficiency mutations. Before analyz-

ing the localization of RPW8.2, we first evaluated the patho-

genicity of G. orontii on VAMP721�/� VAMP722+/� and

VAMP721+/� VAMP722�/� mutants. To successfully com-

plete its life cycle on an Arabidopsis leaf, germinating coni-

diospores and appressoria of G. orontii must first penetrate

the cell wall of leaf epidermal cells to establish primary

haustoria by invagination of the host plasma membrane,

then proliferate on the leaf surface as an epiphytic branch-

ing mycelium producing further secondary haustoria, and

finally produce sporulating structures for asexual reproduc-

tion, i.e. conidiophores and conidiospores (Micali et al.,

2011). To evaluate pathogenicity on different host

genotypes, we quantified the frequency with which fungal

appressoria successfully entered host epidermal cells to

form visible primary haustoria (fungal entry rate) and we

also counted the number of conidiospores per gram

fresh weight of leaf tissue (reproductive fitness). Upon inoc-

ulation of G. orontii on VAMP721�/� VAMP722+/� and

VAMP721+/� VAMP722�/� mutants, the fungal entry rate

was similar to wild-type Col-0 plants, with an entry rate of

about 80% at 24 hpi. (Figure S3). Although we previously

described the macroscopic phenotypes of G. orontii on

both haploinsufficient mutants (Kwon et al., 2008), here we

quantified the reproductive fitness of G. orontii on those

mutants, including the eds1-2 mutant that lacks an essential

component for basal plant immune responses as a hyper-

susceptible control (Aarts et al., 1998). Consistent with pre-

vious macroscopic observations, sporulation of G. orontii

on the VAMP721�/� VAMP722+/� mutant was slightly

enhanced compared with the wild type at 7 days post-inoc-

ulation (dpi), although this was not statistically significant

by ANOVA analysis. Plants of the other mutant genotype,

VAMP721+/� VAMP722�/�, also supported enhanced sporu-

lation at 10 dpi, but in this case the difference was signifi-

cant (P < 0.01) by ANOVA analysis (Figure 3a).

To evaluate the effect of RPW8.2 on resistance to G. oro-

ntii, we examined fungal sporulation phenotypes on trans-

genic plants expressing RPW8.2–YFP compared with Col-0

wild type plants. Upon G. orontii challenge, the leaves of

RPW8.2–YFP-expressing plants developed necrotic lesions

without macroscopically visible white, powdery spores

(Figure S4) as reported previously for Golovinomyces

cichoracearum UCSC1 (Wang et al., 2009). We further quan-

tified G. orontii sporulation with four independent trans-

genic lines expressing RPW8.2–YFP. At 7 dpi, the examined

RPW8.2–YFP transgenic plants supported less G. orontii

sporulation (about 30% of wild type) (Figure 3b), confirming

earlier reports that RPW8.2 derived from the resistant Ara-

bidopsis ecotype Ms-0 is necessary and sufficient to confer

quantitative disease resistance when expressed as a fluo-

rescent fusion protein in the susceptible Col-0 ecotype

(Wang et al., 2007).

The resistance function of RPW8.2 is diminished in the

absence of VAMP721 but not VAMP722

To understand the genetic interaction between trafficking

of RPW8.2 to the EHM and the resistance function of the

(a)

(b)

Figure 3. VAMP721/VAMP722 gene dosage and RPW8.2–YFP affect post-

invasion resistance to Golovinomyces orontii.

(a) Quantification of G. orontii sporulation (number of conidiospores per

gram leaf fresh weight) on the indicated plant genotypes at 7 days post-

inoculation (dpi) (grey bars) and 10 dpi (black bars).

(b) Quantification of G. orontii sporulation at 7 dpi on four independent Ara-

bidopsis transgenic lines expressing RPW8.2–YFP.
Bars represent the mean � standard deviation of three samples (300 mg of

four plants each). The asterisk indicates ANOVA, P < 0.01 compared with wild-

type (WT) plants. The eds1-2 mutant provides a hypersusceptible control for

the growth of G. orontii.

© 2014 The Authors
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protein, we compared sporulation of G. orontii on two

independent transgenic plants each of RPW8.2–YFP

VAMP721�/� VAMP722+/� and RPW8.2–YFP VAMP721+/�

VAMP722�/�, including Col-0 wild type and eds1-2 as con-

trols. Macroscopically, RPW8.2–YFP VAMP721+/�

VAMP722�/� transgenic plants showed obvious leaf chloro-

sis. In contrast, RPW8.2-YFP VAMP721�/� VAMP722+/�

transgenic plants displayed visible white, powdery fungal

growth similar to the Col-0 wild type (Figure 4a). To sub-

stantiate these infection phenotypes, we observed the

infected leaves of each genotype with scanning electron

microscopy. Wild type and eds1-2 plants had profuse fungal

mycelia with conidiophores and conidiospores. Consis-

tently, RPW8.2–YFP VAMP721�/� VAMP722+/� plants also

supported copious fungal mycelium with conidiophores

and conidiospores. However, in contrast to the other geno-

types, RPW8.2–YFP VAMP721+/� VAMP722�/� plants had

only fungal mycelium on the leaf surface without conidiosp-

ores (Figures 4b and S6, Methods S2). To quantify the

reproductive fitness of G. orontii on each genotype, we

harvested 300 mg of infected leaf material to count the fun-

gal conidiospores at 10 dpi. In addition, to take account of

potential integration site-dependent variation in RPW8.2–

YFP transgene expression, we generated four independent

transgenic lines expressing RPW8.2–YFP in the haploinsuffi-

cient backgrounds (Figure 4c, lines #16 and #21 in

VAMP721�/� VAMP722+/� and #27 and #34 in VAMP721+/�

VAMP722�/�). We selected siblings of these lines express-

ing RPW8.2–YFP from the same integration sites in

vamp721 or vamp722 single mutant backgrounds. Consis-

tent with the macroscopic and microscopic phenotypes

(Figure 4a, b), sporulation of G. orontii on the independent

transgenic lines of RPW8.2–YFP VAMP721+/� VAMP722�/�

(#27, #34) was significantly reduced (17 and 3% of that on

wild-type plants) (Figure 4c). Remarkably, conidiospore

counts on RPW8.2–YFP VAMP721�/� VAMP722+/� plants

(#16, #21) were comparable to wild type (Figure 4c). Thus,

the function of Arabidopsis resistance protein RPW8.2–YFP

(a)

(b)

(c)
(d)

Figure 4. The resistance function of RPW8.2–
YFP is diminished in the absence of VAMP721,

but not VAMP722.

(a) Macroscopic symptoms of Golovinomyces

orontii growth on plants expressing RPW8.2–YFP
in VAMP721�/� VAMP722+/� and VAMP721+/�

VAMP722�/� mutant backgrounds, 8 days post-

inoculation (dpi).

(b) Cryo-scanning electronmicrographs showing

epiphytic mycelium and conidiophores ofG. oro-

ntii on the indicated plant genotypes at 10 dpi.

Scale bars = 50 lm.

(c) Quantification of G. orontii sporulation at 10

dpi on the indicated plant genotypes (two inde-

pendent transgenic lines per genotype). Bars rep-

resent the mean � standard deviation of four

samples (300 mg of four plants each).

(d) Quantification of G. orontii sporulation at 7

dpi on the indicated plant genotypes with the

same integration site for RPW8.2 expression in

the haploinsufficient mutant backgrounds and in

the Col-0wild-type, RPW8.2-YFP Col-0 transgenic

lines #3 and #4 (Figure 3b) were crossed with

both haploinsufficientmutants.

Bars represent the mean � standard deviation of

three samples (two independent lines each).

Asterisk indicates ANOVA, P < 0.01 compared with

Col-0 wild-type plants.

© 2014 The Authors
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was greatly diminished in the absence of VAMP721 but only

slightly so in the absence of VAMP722. Strikingly, both

vamp721 and vamp722 single mutant siblings expressing

RPW8.2–YFP still retained the resistance function of

RPW8.2–YFP (Figure 4c). To verify that the expression levels

of RPW8.2–YFP protein were similar in both haploinsuffi-

cient mutants, we purified total proteins from G. orontii-

infected leaves for Western blot analysis. Yellow fluorescent

protein fused to RPW8.2 protein of the predicted size was

detected with similar abundance in all the transgenic plants

using anti-GFP antibodies, whereas VAMP722 protein accu-

mulated differentially according to VAMP722 dosage (Figure

S5; note that the anti-VAMP722 antibody cross-reacts with

VAMP721, which is a similar size to VAMP722).

We devised an additional genetic test to corroborate the

preferential requirement of VAMP721 for RPW8.2-mediated

disease resistance activity. We crossed two independent

RPW8.2–YFP expressing transgenic lines generated in the

Col-0 wild-type background (lines #3 and #4 in Figure 3b)

with both haploinsufficient mutants and selected among

the F2 progeny those siblings expressing RPW8.2–YFP in

vamp721 or vamp722 single-mutant backgrounds or both

haploinsufficient mutant backgrounds (Figure 4d). The

reproductive fitness of G. orontii on these host genotypes

was quantified by conidiospore counts at 7 dpi. Consistent

with the aforementioned genetic test for the role of

VAMP721/722 in RPW8.2-mediated disease resistance (Fig-

ure 4c), reproductive fitness of the pathogen on VAMP721�/�

VAMP722+/� plants was similar to wild type, whereas on

VAMP721+/� VAMP722�/� plants sporulation was signifi-

cantly reduced (13% of wild type levels; Figure 4d). Sporu-

lation of G. orontii on vamp721 and vamp722 single mutant

plants was drastically reduced (24 and 8% of wild type,

respectively; Figure 4d). Taken together, the findings of

both genetic tests suggest that VAMP721 is more critical for

the resistance function of RPW8.2 than VAMP722.

RPW8.2 trafficking to the EHM is delayed by reduced gene

dosage of VAMP721 and VAMP722

To obtain insight into the phenotype of copious G. orontii

sporulation on RPW8.2–YFP VAMP721�/� VAMP722+/�

transgenic plants, we investigated whether trafficking of

RPW8.2 protein to the EHM is differentially affected in the

RPW8.2–YFP VAMP721�/� VAMP722+/� and RPW8.2–YFP

VAMP721+/� VAMP722�/� plants. In the background of

VAMP721+/� VAMP722�/�, RPW8.2 protein was properly tar-

geted to haustorial complexes at 2 dpi. However, in the back-

ground of VAMP721�/� VAMP722+/�, RPW8.2 protein

remained at the cell periphery and was not detectable at the

haustorial complex at 2 dpi (Figure 5a). The delayed traffick-

ing of RPW8.2 protein in VAMP721�/� VAMP722+/� plants

also persisted at 6 dpi but could not be quantified because at

(a)

(b) (c)

Figure 5. Reduced VAMP721/722 gene dosage

delays trafficking of RPW8.2-YFP to Golovino-

myces orontii haustoria.

(a) Confocal microscope images of G. orontii

infecting Arabidopsis leaf epidermal cells

expressing RPW8.2–yellow fluorescent protein

(YFP) (showningreen) inVAMP721�/�VAMP722+/

� and VAMP721+/� VAMP722�/� mutant back-

grounds at 2 and 6 days post-inoculation (dpi).

White dotted ellipses outline unlabeledG. orontii

haustoria. White arrowheads indicate the

RPW8.2–YFP-labelledextrahaustorialmembrane.

Scalebars = 10 lm.

(b), (c) Quantification of haustoria labeled by

RPW8.2–YFP at 2 and/or 3 dpi. Data represent the

meanproportionofhaustoria labeledbyRPW8.2–
YFP at 2 dpi (light green bars) and at 3 dpi (dark

green bars), based on at least three independent

experiments, with a total of 60 or more mature

haustoria examined per genotype per time point.

At least two independent transgenic lines were

examined for each plant genotype. ** and *

denote significant differences in the indicated

comparisons (P < 0.001, Student’s t-test and

P < 0.01,ANOVA, respectively).
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this stage the tissue contained a mixture of primary and sec-

ondary haustoria at different stages of development. Overall

these results correlated with the phenotype of enhanced

G. orontii sporulation on RPW8.2–YFP VAMP721�/�

VAMP722+/� plants.

To quantify the observed delay in RPW8.2 trafficking, we

counted RPW8.2–YFP-labeled and unlabeled haustorial

complexes on each genotype. RPW8.2–YFP VAMP721�/�

VAMP722+/� plants contained 11 or 16% of labeled hausto-

rial complexes in two independent transgenic plants (lines

#14 and #16) at 2 dpi, whereas RPW8.2–YFP VAMP721+/�

VAMP722�/� plants contained over 65 or 74% of labeled

haustorial complexes in two independent transgenic plants

(lines #27 and #34) at 2 dpi. The difference between the

genotypes was significant (P < 0.001) by Student’s t-test

(Figure 5b). To further evaluate the delayed trafficking of

RPW8.2–YFP, we examined haustoria at two different time

points, namely 2 and 3 dpi, when primary haustoria are

mature and fully expanded. In transgenic Col-0 plants

expressing RPW8.2–YFP in an otherwise wild-type back-

ground (denoted as RPW8.2–YFP VAMP721+/+ VAMP722+/+

in Figure 5b), 81 and 79% of haustorial complexes dis-

played a labeled EHM at 2 and 3 dpi, respectively. In con-

trast, RPW8.2–YFP VAMP721�/� VAMP722+/� plants carried

17 and 53% of EHM-labeled haustorial complexes at 2 and

3 dpi, respectively. Compared with transgenic RPW8.2–YFP

VAMP721+/+ VAMP722+/+ control plants, the haustorial tar-

geting efficiency was significantly reduced (P < 0.01) at

both time points by ANOVA analysis. In contrast, the target-

ing efficiency in RPW8.2–YFP VAMP721+/� VAMP722�/�

plants (65 and 83% of labeled haustorial complexes at 2

and 3 dpi, respectively) was not significantly different from

transgenic RPW8.2–YFP VAMP721+/+ VAMP722+/+ control

plants (Figure 5b). These findings demonstrate that

VAMP721 plays a more important role in the efficient tar-

geting of RPW8.2 to the EHM than does VAMP722. The

results are consistent with the genetic analysis of RPW8.2

disease resistance activity upon reduced gene dosage of

VAMP721 and VAMP722.

Quantitative fluorescence recovery after photobleaching

reveals lateral diffusion of RPW8.2–YFP within the EHM

exceeds vesicle-mediated RPW8.2–YFP replenishment

Fluorescence recovery after photobleaching (FRAP) is

widely used to quantify the dynamics of fluorescently

labeled proteins within cell membranes (Martiniere et al.,

2012; Takagi et al., 2013). The fluorescence recovery curve

of membrane-resident proteins describes the sum of two

additive mechanisms, lateral mobility of the protein within

the membrane and the exchange of proteins between cyto-

plasmic vesicles and the membrane via exocytosis and

endocytosis. The recovery of RPW8.2–YFP fluorescence in

the EHM after photobleaching was reported for G. cichora-

cearum, demonstrating fluidity of the EHM (Wang et al.,

2009). We conducted quantitative FRAP analysis in Arabid-

opsis leaf epidermal cells expressing RPW8.2–YFP infected

by G. orontii. To investigate the dynamics of RPW8.2 at the

EHM, we conducted quantitative FRAP of young develop-

ing haustoria (less than 10 lm) at 24 hpi and mature haus-

toria (without visible cell wall encasement) at 48 hpi in

Arabidopsis leaf epidermal cells expressing RPW8.2–YFP.

Data from individual bleaching experiments at these time

points were obtained for the region of interest (red box)

before and after photobleaching, and for background

(white box 1) and an unbleached RPW8.2–YFP reference

region (white box 2) (Figure 6a). After bleaching RPW8.2–

YFP in the EHM at the distal (apical) portion of the hausto-

rium, the recovery of YFP fluorescence was quantified over

time. The EHM-localized RPW8.2–YFP protein was clearly

bleached and about 10% of the pre-bleach signal remained

after bleaching. The YFP signal gradually recovered over

the course of the experiment (10 to 12 min) at the EHM of

both 24 and 48 hpi haustoria (Figures S8b and 6a, respec-

tively). The data were analyzed using the easyFRAP tool

(Rapsomaniki et al., 2012) for normalization of the raw data

and subsequent fitting of the recovery curve to a single

exponential for calculating half-maximal recovery time (t1/

2) and the mobile fraction (Figures 6b, c and S7). To evalu-

ate the background levels of photobleaching caused by

repeated confocal scanning, we monitored RPW8.2 fluores-

cence intensity at the EHM without bleaching over a time

course of 10 min. No significant changes in fluorescence

intensity were found during acquisition of a series of 40

images at 15-sec intervals (Figure S8a). Based on indepen-

dent bleaching experiments on 28 individual young haus-

toria at 24 hpi, we obtained an average t1/2 of

207.6 � 106.2 sec and a mobile fraction of 68.8 � 27.2%

(Figure 6b). At 48 hpi, the average t1/2 of RPW8.2-YFP at

the EHM was only slightly lower (198.1 � 68.4 sec)

whereas the mobile fraction was substantially reduced

(51.7 � 10.9%; Figure 6c). In addition, we noted that the

variation in both the mobile fraction and t1/2 between indi-

vidual haustoria was greater at 24 hpi than at 48 hpi. Simi-

larly, we observed greater variation in pre-bleach

fluorescence intensity at the EHM at 24 hpi than at 48 hpi

(Figures S7c and S8c). The pre-bleach fluorescence inten-

sity and t1/2 at 24 hpi showed a moderate positive correla-

tion (R = 0.63; Figure S7d). Together these data point

towards the existence of a period during early haustorium

biogenesis when RPW8.2–YFP is highly dynamic, i.e. the

mobile fraction is >70% and t1/2 is <100 sec.

To examine more closely the recovery of RPW8.2–YFP

fluorescence in the bleached apical EHM region (red box in

Figure 6d), we conducted repetitive FRAP experiments with

three successive bleachings of the same apical region.

This resulted in a progressive decrease in RPW8.2–YFP

fluorescence in adjacent non-bleached EHM regions, as illus-

trated by false color indexing of the fluorescence intensity.
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The recovery of fluorescence in the apical EHM was grad-

ually attenuated after each successive bleaching over a

time period of 30 min (Figure 6e). This suggests that

recovery of fluorescence in the bleached apical region of

mature haustoria largely originates through lateral mem-

brane diffusion of RPW8.2–YFP from adjoining non-

bleached EHM regions, rather than by vesicle-mediated

replenishment. Taken together, our findings imply that

vesicle-mediated trafficking of RPW8.2–YFP to the EHM

occurs transiently during early haustorial development,

whereas the lateral movement of RPW8.2–YFP protein

within the EHM occurs at both early (24 hpi) and late (48

hpi) stages of haustorial development. This raises the pos-

sibility that the entire protein loading process must be ini-

tiated and completed within a narrow temporal window

(Figure 7).

DISCUSSION

To exert localized resistance activity against powdery mil-

dew fungi at the plant–fungal interface, it is essential for

RPW8 to be properly targeted to the EHM (Wang et al.,

2009). However, the cellular trafficking machinery required

for this specific transport of RPW8 to the EHM is com-

pletely unknown. To better understand the trafficking of

RPW8.2 to the EHM, we took advantage of the compatible

interaction between Arabidopsis and its host-adapted pow-

dery mildew fungus G. orontii. Based on genetic and cell

biological evidence, our study identified VAMP721/722 pro-

teins as a component of the machinery required for trans-

porting RPW8.2 to the EHM of G. orontii haustoria, the

likely site for activation of resistance responses that even-

tually culminate in host cell death (Xiao et al., 2001; Wang

(a)

(b) (c)

(d) (e)

Figure 6. Fluorescence recovery after photoble-

aching (FRAP) analysis of RPW8.2–yellow fluo-

rescent protein (YFP) dynamics at the

extrahaustorial membrane (EHM).

(a) The FRAP images of Golovinomyces orontii

infected Arabidopsis leaf epidermal cells

expressing RPW8.2–YFP at 48 hours post-inocu-

lation (hpi). The red box indicates the bleached

area. White boxes 1 and 2 indicate a background

area and a reference area of a haustorium in a

neighboring cell in the same focal plane, respec-

tively. Scale bars = 10 lm. Fluorescence intensi-

ties are shown with a false-color scale.

(b), (c) Scatter plots showing the individual half-

time (t1/2) and mobile fraction measurements for

RPW8.2–YFP on haustoria at 24 (b) and 48 hpi

(c). Each black dot represents data from one

bleaching experiment. The horizontal lines indi-

cate the mean half-time and mobile fraction val-

ues, based on data from 28 or 17 independent

bleaching experiments at 24 and 48 hpi, respec-

tively.

(d) Repetitive FRAP analyses based on bleach-

ing the same region of the EHM three times (48

hpi). Images for pre-bleach, bleach and final

recovery (555 sec) are presented with fluores-

cence intensities shown in a false-color scale.

Scale bars = 10 lm.

(e) Fluorescence recovery curve showing fluo-

rescence intensity at the apical EHM after three

sequential bleaching events (data normalized

using pre-bleach fluorescence intensities).
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et al., 2009). We revealed that RPW8.2 proteins are tran-

siently co-localized with VAMP721/722 proteins in infected

epidermal cells during invasive growth of G. orontii, and

are targeted to the EHM of haustorial complexes at 48 hpi.

The conclusion that the trafficking of RPW8.2 protein is

mediated by VAMP721/722 vesicles is strongly supported

by genetic evidence that the resistance function of RPW8.2

protein depends on the gene dosage of VAMP721 and

VAMP722, and in particular VAMP721.

The closely related vesicle-resident VAMP721 and

VAMP722 proteins were previously revealed as compo-

nents of a ternary complex with plasma membrane-resident

PEN1 and SNAP33 to restrict entry of the non-adapted pow-

dery mildews B. graminis and E. pisi or macroscopically

visible epiphytic growth of the host-adapted powdery mil-

dew G. orontii (Kwon et al., 2008) (Figure 7). Although we

know that VAMP721/722 vesicles are partially co-localized

with the TGN-resident Qa-SNARE SYP43 (Figure S9) and

probably originate from the TGN (Uemura et al., 2012 and

Figure 7), the cargo molecules carried by VAMP721/722

vesicles remain enigmatic. Our subcellular localization data

revealed that G. orontii-induced RPW8.2 proteins are car-

ried on both VAMP721 and VAMP722 vesicles at an early

stage of haustorial development (Figures 2 and 7). Since

vamp721 vamp722 double homozygous mutants show

lethal seedling dwarf phenotypes, probably reflecting their

requirement for cell plate membrane fusion during cytoki-

nesis and secretory trafficking to the plasma membrane

(Zhang et al., 2011), both genes share redundant functions

in development. Similarly, treatment with the elicitor-active

epitope of bacterial flagellin, flg22, a microbe-associated

molecular pattern (MAMP), stimulated enhanced seedling

growth inhibition in both VAMP721+/� VAMP722�/� and

VAMP721�/� VAMP722+/� plants (Yun et al., 2013). Treat-

ment with flg22 induces MAMP-triggered immunity (MTI)

by activation of the membrane-resident FLS2 pattern recog-

nition receptor, suggesting that during MTI plants prioritize

the deployment of inducible VAMP721/722 secretory

defense over plant growth. However, in the context of dis-

ease resistance triggered by live pathogens, the genetic

functions of VAMP721 and VAMP722 appear to only par-

tially overlap, with differential contributions to defense

against different pathogen classes. For instance, only

VAMP721+/� VAMP722�/� plants showed enhanced fungal

entry into leaf epidermal cells with the non-adapted pow-

dery mildew E. pisi, whereas VAMP721�/� VAMP722+/�

plants were hypersusceptible to the virulent oomycete Hya-

loperonospora parasitica (Noco2) (Kwon et al., 2008). To

further investigate the differential disease resistance func-

tions of these two closely related VAMPs, we quantified the

reproductive fitness of G. orontii on both haploinsufficient

mutants. The susceptibility of VAMP721+/� VAMP722�/�

plants to G. orontii at 10 dpi was more enhanced than that

of VAMP721�/� VAMP722+/� plants (Figure 3a). In contrast,

susceptibility of RPW 8.2–YFP VAMP721�/� VAMP722+/�

plants to G. orontii at 10 dpi was much more enhanced

compared with RPW8.2–YFP transgenic lines and RPW8.2–

YFP VAMP721+/� VAMP722�/� plants (Figures 3b and 4c, d).

Intriguingly, the activity of VAMP721/722 in disease resis-

tance could be further differentiated by their cargo mole-

cules: based on the analysis of trafficking efficiency of

RPW8.2 proteins to the EHM, we revealed a major contribu-

tion of VAMP721 to RPW8.2 targeting, whereas VAMP722

plays only a minor role (Figure 5b, c). Notably, however,

Figure 7. Schematic model of VAMP721/722 vesicle-trafficking for targeting RPW8.2 to the extrahaustorial membrane (EHM).

Since VAMP721/722 vesicles (red rods) partially co-localize with SYP43 protein (blue rods) at the trans-Golgi network (TGN) (Uemura et al., 2012) and (Figure

S8), these vesicles likely originate from the TGN. VAMP721/722 vesicles transport unknown cargos to exert pre-invasive immune responses against non-adapted

powdery mildews at (or outside) the plant plasma membrane (shown in blue) in concert with SYP121/PEN1 (orange bars) and SNAP33 (violet bars) (Kwon et al.,

2008). Additionally, VAMP721/722 vesicles carry RPW8.2 (green bars) to exert anti-fungal defenses at the EHM as a post-invasive immune response against host-

adapted powdery mildews. VAMP721/722 vesicles may use either a host or fungal t-SNARE (black bar) for specific proximal loading of RPW8.2 near the hausto-

rial neck. At haustorial complexes, VAMP721/722 vesicles are incorporated into the encasement (labeled red), whilst RPW8.2 proteins are incorporated into the

EHM (shown in green).
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the localization of RPW8.2 on both VAMP721 and VAMP722

endomembrane vesicles upon G. orontii challenge (Fig-

ure 2) precludes a potential RPW8.2 cargo selectivity

between the two vesicle types. It could be argued that the

observed differential RPW8.2 targeting efficiency to the

EHM is the consequence of RPW8.2-mediated resistance

response activation prior to loading of the R protein onto

the EHM. However, this is unlikely since loading of RPW8.2

onto the EHM is retained in eds1 or npr1 mutant back-

grounds in which RPW8.2-dependent resistance activity is

abrogated (Xiao et al., 2001; Wang et al., 2009). Instead we

hypothesize that VAMP721- and VAMP722-dependent

secretory machineries are targeted by pathogen effectors

with differential efficiency to subvert plant secretory

immune responses. Both haploinsufficient mutants display

an essentially defeated pre-invasive disease resistance phe-

notype to the host-adapted G. orontii (Figure S3), suggest-

ing that G. orontii interferes with differential effectiveness

against VAMP721- and VAMP722-mediated post-invasive

defense responses. Such a suppression of post-invasive

plant immune responses was recently demonstrated for the

host-translocated RXLR-type effector protein AVRblb2 of

the oomycete pathogen Phytophthora infestans, which

accumulates focally around haustoria and promotes viru-

lence by interfering with the secretion of apoplastic papain-

like defense proteases (Bozkurt et al., 2011). Taken together,

our findings imply the engagement of VAMP721, and with

lower efficiency VAMP722, in a bifurcated trafficking path-

way in which proteins are either carried to the plasma

membrane for PEN1-dependent exocytosis or to the EHM

for post-invasive defense (Figure 7).

Based on previous studies of subcellular responses to

G. cichoracearum infection using a panel of fluorescent-

tagged plasma membrane marker proteins, there are cur-

rently two hypotheses for biogenesis of the specialized

EHM: the first proposes that the EHM develops through

invagination and differentiation of the host plasma mem-

brane, while the second proposes that the membrane is

formed de novo by targeted secretion of specialized EHM-

specific vesicles (Koh et al., 2005). Previously an exosome

biogenesis/release model was proposed, based on obser-

vations of the extracellular transport and integration of

plant defense-related plasma membrane proteins, includ-

ing PEN1 syntaxin, into pathogen-induced paramural cell

wall compartments (Meyer et al., 2009). However, the con-

tribution of exosome-mediated secretion to EHM forma-

tion, if any, remains to be determined. Here, our findings

implicate VAMP721/722 vesicle-mediated trafficking in the

targeted secretion of RPW8.2 resistance protein to the

EHM. Thus, the same R-SNARE-containing endomem-

brane vesicles become engaged for pre-invasive defense

against non-adapted powdery mildews through complex

formation with the plasma membrane-resident t-SNARE

PEN1 syntaxin (Collins et al., 2003; Kwon et al., 2008) and

for post-invasive defense against host-adapted powdery

mildews by targeting the RPW8.2 resistance component

to the EHM (Figure 7). For unloading the cargos of these

vesicles at the EHM, we may postulate the existence of

unknown alternative t-SNARE partners for VAMP721/722

docking and for EHM biogenesis, which are conceivably

derived from either the host cell or the fungal pathogen.

Since RPW8.2 trafficking is maintained in the pen1-1

mutant (Wang et al., 2009), one scenario is that VAMP721/

722 proteins may interact with another t-SNARE of Arabid-

opsis to secrete defense cargos at the EHM. One candi-

date is the plasma membrane-resident Arabidopsis

t-SNARE SYP132, which was shown to interact both in vi-

tro and in vivo with VAMP721/722 and is known to be

required for plant development and resistance to patho-

genic bacteria (Kalde et al., 2007; Enami et al., 2009; Yun

et al., 2013). Unfortunately, the failure to isolate Arabidop-

sis syp132 mutants has hindered in-depth genetic studies

with this t-SNARE. It is also possible that Arabidopsis v-

SNAREs VAMP721/722 exploit a fungal t-SNARE for

RPW8.2 trafficking to confer resistance to infection,

assuming that fungal t-SNAREs can be translocated from

the pathogen cell into the EHM.

To understand the identity and biogenesis of the EHM,

there are a few interesting previous studies on dissecting

the structure and composition of this membrane (Koh et al.,

2005; Micali et al., 2011) and on defining the targeting motif

analysis of RPW8.2–YFP (Wang et al., 2013). Here, we were

able to visualize the lateral mobility of RPW8.2–YFP protein

within the EHM by FRAP analysis at 24 and 48 hpi. This

revealed that fluorescence recovery in the bleached apical

region of the EHM originates mainly from lateral diffusion

of RPW8.2–YFP from adjacent non-bleached EHM regions

rather than from de novo replenishment via RPW8.2–YFP-

containing vesicles (Figures 6, S7 and S8). The lack of

detectable post-bleaching replenishment of RPW8.2–YFP in

the non-bleached EHM is unlikely to result from the activa-

tion of RPW8.2-mediated resistance responses, because

loading of the protein onto the EHM is retained in an eds1

mutant background in which RPW8.2-dependent defense

activity is abrogated (Xiao et al., 2001; Wang et al., 2009).

Instead, the progressive decrease of RPW8.2–YFP fluores-

cence in the non-bleached EHM at 48 hpi following consec-

utive photobleaching (for 30 min; Figure 6d) and the

greater dynamics of RPW8.2–YFP at the EHM at 24 hpi com-

pared with 48 hpi (Figure 6b, c) may point to the existence

of only a narrow temporal window during which the entire

loading process must be initiated and completed. Clearly,

however, mobilization of RPW8.2 to the EHM is not strictly

coordinated with the initiation of EHM biogenesis since

G. orontii haustorium initials were frequently detected

without detectable RPW8.2–YFP fluorescence at the EHM

(Micali et al., 2011). Nevertheless, pathogen-inducible

RPW8.2 gene expression and protein targeting to the EHM
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of powdery mildew haustoria is conceptually analogous to

the coupling of arbuscular mycorrhizal fungus-induced

transcription of MtPT4 in Medicago root cells with the tar-

geted loading of the encoded phosphate transporter into

the peri-arbuscular membrane around arbuscules (Pumplin

et al., 2012). Our observations stimulate the future applica-

tion of FRAP experiments with RPW8.2–YFP-expressing

Arabidopsis plants to better define the location of protein

loading onto the EHM of powdery mildew haustoria – for

instance does this occur over the entire surface of the EHM

or only via the haustorial neck region (Figure 7)?

EXPERIMENTAL PROCEDURES

Plant and fungal materials

Arabidopsis thaliana plants were grown as described previously
(Kwon et al., 2008). Plants used in this study were Col-0 as wild
type, transgenic lines expressing RPW8.2–YFP, RPW8.2–RFP
(Wang et al., 2007), GFP-/mRFP–VAMP721 (Ebine et al., 2011),
mRFP–VAMP722, GFP–SYP43 (Uemura et al., 2012) and the
mutants VAMP721�/� VAMP722+/�, VAMP721+/� VAMP722�/�

(Kwon et al., 2008) and eds1-2 (Aarts et al., 1998). Arabidopsis
Col-0 wild-type and both haploinsufficient mutants were used for
generating transgenic plants expressing RPW8.2–YFP under 50 reg-
ulatory sequences of RPW8.2. This plasmid was kindly provided
by Dr Shunyan Xiao (Institute for Bioscience and Biotechnology
Research, University of Maryland). Transgenic RPW8.2–YFP Col-0
plants were obtained as lines #1 to #4. Both haploinsufficient
backgrounds of RPW8.2 transgenic lines were obtained as lines
#14, #16, #21, #27 and #34. Polymerase chain reaction was used to
validate the indicated genotypes for each experiment. To obtain
transgenic plants with the same integration site for RPW8.2
expression in the haploinsufficient mutant backgrounds and in the
Col-0 wild type, RPW8.2–YFP Col-0 transgenic lines #3 and #4 were
crossed with both haploinsufficient mutants. The PCR-verified F2
progeny siblings expressing RPW8.2–YFP in vamp721 or vamp722
single-mutant backgrounds or both haploinsufficient mutant back-
grounds were used for conidiospore counts. To generate RPW8.2–
YFP and mRFP–VAMP722 co-expressing plants, we crossed the
respective transgenic plants.

Confocal laser scanning microscopy

All fluorescent tagged proteins were observed using either LSM
700 or LSM780 confocal microscopes (Carl Zeiss, http://www.ze-
iss.com/) equipped with a 40 9 objective (C-Apochromat 40 9 /
1.1 W). The YFP and mRFP were excited with 488 and 561 nm
laser lines, respectively. For two-color imaging, multitracking was
configured to avoid cross-talk between the fluorescence chan-
nels. The image data were processed using ZEN 2011 software
(Carl Zeiss) and Adobe Photoshop CS5 (http://www.adobe.com/).

Pathogenicity assays

For enumerating fungal entry rates, 4-week-old plants were inocu-
lated with G. orontii by brushing their leaves with heavily sporu-
lating Arabidopsis leaves. Conidiospore counts were carried out
as previously described with minor modifications (Wessling and
Panstruga, 2012). Briefly, at least 12 4-week-old plants per geno-
type were evenly inoculated with G. orontii conidiospores using a
settling tower and subsequently 300 mg of infected leaves from
four plants were harvested as one sample. Three to four indepen-

dent samples per genotype were used for conidiospore enumera-
tion at the indicated time points.

Immunoblot analysis

Protein extracts from G. orontii-infected Arabidopsis leaves were
prepared in SDS sample buffer and separated by SDS-PAGE on
10% gels and transferred onto polyvinylidene difluoride mem-
branes for Western blots using anti-HSP70 (Stressgen SPA-817),
anti-GFP (Clontech, http://www.clontech.com/) and anti-VAMP722
(Kwon et al., 2008) antibodies. Immunoblots were visualized using
a chemiluminescence detection system (LAS4000, Fujifilm, http://
www.fujifilm.com/).

Fluorescence recovery after photobleaching experiments

We performed FRAP imaging on the EHM of G. orontii haustoria
labeled with RPW8.2–YFP using an LSM780 confocal microscope
(Zeiss) equipped with a 409 objective (C-Apochromat 40 9 /
1.1 W) and a 514 nm argon ion laser for YFP excitation. For each
FRAP experiment, two images was taken before bleaching, then
the distal (apical) portion of the haustorium was bleached with 30
iterations at 100% laser intensity at 514 nm argon, after which a
series of 40 or 80 images were captured at 15- or 10-sec intervals
for 24 or 48 hpi, respectively. For each bleaching experiment, we
collected the raw fluorescence intensity data for the target
bleached area (red box, 5 9 3 lm), a reference area and a back-
ground area. The raw intensity dataset was normalized and used
for fitting the recovery curve to a single exponential using the
easyFRAP tool (Rapsomaniki et al., 2012). Goodness-of-fit statis-
tics (R-squares) for the 28 bleaching experiments at 24 hpi ranged
from 0.54 to 0.99 and for the 17 bleaching experiments at 48 hpi,
from 0.85 to 0.99.
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Figure S1. RPW8.2-RFP localizes to the EHM of Golovinomyces
orontii haustoria.

Figure S2. Transient co-localization of RPW8.2–YFP with mRFP–
VAMP722.

Figure S3. VAMP721/VAMP722 gene dosage does not affect pre-
invasion resistance to Golovinomyces orontii.

Figure S4. Transgenic Arabidopsis plants expressing RPW8.2–YFP
are more resistant to Golovinomyces orontii.

Figure S5. Expression levels of RPW8.2–YFP proteins in both ha-
ploinsufficient mutants and two single mutants.

Figure S6. Scanning electron micrographs showing epiphytic
growth and sporulation of Golovinomyces orontii.
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Figure S7. Fluorescence recovery after photobleaching analysis of
RPW8.2–YFP dynamics at the extrahaustorial membrane of mature
haustoria at 48 h post-inoculation.

Figure S8. Fluorescence recovery after photobleaching analysis of
RPW8.2–YFP dynamics at the extrahaustorial membrane of young
haustoria at 24 h post-inoculation.

Figure S9. Co-localization of VAMP721 and VAMP722 with SYP43
at the trans-Golgi network.

Methods S1. Transmission electron microscopy.
Methods S2. Scanning electron microscopy.
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