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ABSTRACT

Plants employ sophisticated mechanisms to interact with pathogenic as well as beneficial microbes. Of

those, membrane trafficking is key in establishing a rapid and precise response. Upon interaction with

pathogenic microbes, surface-localized immune receptors undergo endocytosis for signal transduction

and activity regulation while cell wall components, antimicrobial compounds, and defense proteins are

delivered to pathogen invasion sites through polarized secretion. To sustain mutualistic associations,

host cells also reprogram the membrane trafficking system to accommodate invasive structures of symbi-

otic microbes. Here, we provide an analysis of recent advances in understanding the roles of secretory and

endocyticmembrane trafficking pathways in plant immune activation. We also discuss strategies deployed

by adapted microbes to manipulate these pathways to subvert or inhibit plant defense.
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INTRODUCTION

Being sessile organisms, plants are constantly exposed toenviron-

mental challenges, including a great number of potential patho-

genic microbes. Remarkably, plant disease is the exception rather

than the rule. The cuticle layer, the plant cell wall, and secreted

antimicrobial compounds provide effective barriers on the plant

surface to prevent penetration and growth of most pathogens.

Even after these pre-formed barriers are breached, pathogens

face multiple layers of innate immune responses. The first layer

of plant innate immunity employs plasma membrane (PM)-bound

receptor-like kinases (RLKs) or receptor-like proteins, collectively

termed pattern recognition receptors (PRRs). The extracellular

domains of PRRs detect microbe-associated molecular patterns

(MAMPs), which can be evolutionarily conserved (e.g., flagellin

and chitin) or species specific (e.g., ethylene-inducing xylanase

produced by the saprophytic ascomycete Trichoderma viride)

(Boller and Felix, 2009). After MAMP perception, the intracellular

domain of the PRR initiates signal transduction and activates

pattern-triggered immunity (PTI). PTI consists of a complex set of

cellular responses, including a burst of small signaling molecules,

such as Ca2+ and reactive oxygen/nitrogen species (ROS/RNS),

and activation of signaling cascades mediated by mitogen-

activated protein kinases (MAPKs) and calcium-dependent protein

kinases. These responses regulate the activities of a large spec-

trum of protein targets and promote downstream production of

defense proteins, phytohormones, and secondary metabolites to

confer resistance to a broad spectrum of pathogens (Bigeard

et al., 2015). PTI together with the pre-formed barriers comprise

the so-called basal resistance of a plant species to non-adapted

pathogens. However, adapted pathogens evolved a myriad of
effector proteins that are released into the intercellular space or

injected into the cytoplasm of host cells and cause effector-

triggered susceptibility (ETS) (Jones and Dangl, 2006). Basal

resistance of susceptible hosts infected by effector-carrying

pathogens is substantially compromised by ETS. Pathogen

effectors, in turn, have driven the evolution of the second layer of

the innate immunity in plants, termed effector-triggered immunity

(ETI). ETI employs intracellular nucleotide-binding domain,

leucine-rich repeat (NLR) receptors to detect the activities of spe-

cific pathogen effectors at various subcellular locations (Cui et al.,

2015; Jones et al., 2016). ETI triggers a strong and robust defense

response, manifested in dramatic transcriptome reprogramming,

which often leads to programmed cell death in the infected

tissue. In the non-infected distal tissues, synthesis of the phytohor-

mone salicylic acid (SA) triggers enhanced broad-spectrum resis-

tance to secondary infection, an immune mechanism known

as systemic acquired resistance (SAR) (Durrant and Dong, 2004).

PTI and ETI bear significant differences in the activation

mechanism (Tsuda et al., 2009; Wang et al., 2014b; Gu et al.,

2016); however, there is a continuum in their defense outcome

and the two immune responses share part of the signaling

network (Tao et al., 2003; Thomma et al., 2011).

Targeted protein transport and coordinated membrane dy-

namics are involved in almost every key step of these plant im-

mune mechanisms. For instance, ligand-bound PRRs are incor-

porated into endosomes during PTI for activity regulation (Ben
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Khaled et al., 2015); intracellular membrane vesicles undergo

directional movement during basal defense for targeted

delivery of defense proteins and compounds to pathogen

invasion sites (Bednarek et al., 2010); and chloroplasts extend

their membranes to form stromule structures for proximate

release of ETI signals and pro-defense molecules to the nucleus

(Caplan et al., 2015; Gu and Dong, 2015). These trafficking

events are mediated by a large group of regulatory proteins

whose function determines the selectivity, directionality,

speed, and intensity of the immune responses. Some of the

membrane trafficking regulators themselves are also subject

to transcriptional/posttranslational regulation and significant

activity changes in response to multiple forms of immune

signals (Wang et al., 2005; Ben Khaled et al., 2015). The central

importance of membrane trafficking in immunity is highlighted

by the fact that it is a favorite target of pathogen effectors.

Manipulations of critical trafficking regulators have been shown

to be the key for successful pathogen infection in many cases

(Ben Khaled et al., 2015; Toruno et al., 2016). Here, we review

the fundamental roles of two major membrane trafficking

pathways, the secretory and the endocytic pathways, in the

regulation and execution of plant immunity.

MEMBRANE TRAFFICKING IN PLANTS

Plants contain two major classes of membrane trafficking path-

ways: (1) the secretory pathway that transports newly synthe-

sized proteins from the endoplasmic reticulum (ER) to the PM

or the extracellular space, and (2) the endocytic pathway that re-

cycles surface-localized proteins between the PM and early

endosomes and transports internalized cargo to the vacuole

through late endosomes. The membrane trafficking process in

both pathways involves budding of vesicles from the donor

membrane, and subsequent transport, tethering, and fusion of

vesicles to the target membrane (Inada and Ueda, 2014). Each

of these steps is coordinated by a specific set of regulatory

machinery. First, the donor membrane is deformed by ADP

ribosylation factors (ARFs) or coat protein complexes such as

COPI, COPII, and clathrin. Second, budded membrane is

wrapped around at the neck by the large GTPase Dynamin-

related proteins that catalyze membrane scission and generate

transport vesicles. Third, newly formed transport vesicles un-

dergo targeted transport, tethering, and docking to the target

membrane. This step is mainly regulated by Rab proteins. Acti-

vated Rab proteins associate with different types of transport

vesicles and interact with tethering factors present on target

membranes to mediate specific vesicle tethering (Rutherford

and Moore, 2002). For example, tethering of late endosome

to the vacuole depends on the interaction between Rab7

present on the late endosomes and tethering complex

Homotypic Fusion and Protein Sorting (HOPS) present on

the vacuole and pre-vacuolar compartments (Seals et al.,

2000; Rojo et al., 2001, 2003; Niihama et al., 2009). Finally,

soluble N-ethylmaleimide-sensitive-factor attachment protein

receptors (SNAREs) mediate the membrane fusion between

tethered vesicles and target membranes. The framework and

principal components of membrane trafficking pathways are

conserved among eukaryotic lineages and are suggested to

have been established before the last common eukaryotic

ancestor (Dacks et al., 2009). However, Rab GTPases,

tethering factors, and SNARE subfamilies are all remarkably
2 Molecular Plant --, 1–10, -- 2017 ª The Author 2017.
expanded in plants, suggesting functional diversification

(Fujimoto and Ueda, 2012).
ROLES OF THE SECRETORY PATHWAY
IN IMMUNITY

The secretory pathway is an integral component of the plant im-

munemechanism. It contributes to basal resistance by transport-

ing PRRs to the PM, delivering defense proteins and metabolites

with antimicrobial activities to the extracellular space, and medi-

ating focal deposition of callose to produce localized cell wall

thickening at pathogen invasion sites (Wang et al., 2016). It also

plays an essential role during the establishment of SAR. SA and

Non-expresser of pathogenesis-related genes 1 (NPR1)-medi-

ated induction of defense genes is coordinated with the upregu-

lation of both the ER-associated protein folding/modification

machinery and the secretory pathway (Wang et al., 2005). Such

a mechanism ensures proper modifications and timely export of

ER-accumulated defense proteins to the extracellular space.

In fact, Arabidopsis Pathogenesis-related Protein 2 (PR2) is

completely retained in the ER when overexpressed in healthy

plants, but is exported into the apoplast upon SA treatment or

pathogen infection (Zavaliev et al., 2013). On the other hand,

many adapted pathogenic as well as symbiotic microbes

evolved the ability to rewire the host secretory pathway as an

effective strategy for successful invasion (Toruno et al., 2016),

underlining the essential role of the pathway in immune activation.
Vehicles and Tracks for Secretory Trafficking during
Defense

Although secretion is clearly required for defense activation, we

have little understanding of the nature of vehicles that carry the

defense cargo and how they achieve targeted secretion. Here,

we provide evidence for functional links between defense-

related secretory trafficking and three types of membrane vesi-

cles: the trans-Golgi network/early endosome (TGN/EE), the

multivesicular body (MVB), and the exocyst positive organelle

(EXPO) (Figure 1).

Trans-Golgi Network/Early Endosome

In the canonical secretory pathway, properly folded proteins are

transported from the ER to Golgi and subsequently to TGN/EE

vesicles, which then fuse with the PM to deliver the soluble cargo

to the extracellular space or the membrane cargo to the PM. In

plants, the TGN/EE serves as a key sorting station at the intersec-

tion of secretory and endocytic pathways (Dettmer et al., 2006;

Viotti et al., 2010). The E3 ubiquitin ligase Keep On Going (KEG)

localizes to the TGN/EE and is essential for TGN/EE-mediated

extracellular sorting of Pathogenesis-Related protein 1 (PR1)

and papain-like Cys protease C14. Loss of KEG leads to

vacuolar, rather than apoplastic, accumulation of these antimi-

crobial proteins (Gu and Innes, 2012). An adapted powdery

mildew pathogen specifically degrades KEG during infection,

presumably to disturb TGN/EE-mediated secretion of defense

molecules (Gu and Innes, 2012). The Arabidopsis Resistance to

Powdery Mildew 8.2 (RPW8.2) is a key protein in resistance

against non-adapted powdery mildew fungal pathogens and is

specifically targeted to the extrahaustorial membrane (EHM),

the part of host PM that encases the haustorium, the fungal

feeding structure (Wang et al., 2009). It has been shown that

targeted delivery of RPW8.2 to EHM is mediated by TGN/EEs
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Figure 1. Membrane Trafficking during
Plant Immune Responses.
Defense molecules are synthesized in the ER and

transported via Golgi to the sorting hub TGN/EE.

Vesicles derived from the TGN/EE, including

MVBs, fuse with the PM/EHM to deliver soluble

cargo to the extracellular space and membrane

cargo to the PM/EHM. MVBs and EXPOs

contribute to paramural accumulation of exo-

somes, whose membrane burst in the extracel-

lular space discharges contents with antimicro-

bial activities. Effector proteins secreted by

pathogens into host cells inhibit multiple steps

of the secretory trafficking pathways to block

defense activation. PM-localized immune re-

ceptors, such as PRRs, undergo constitutive

endocytosis before activation. Once activated,

these receptors are internalized into clathrin-

coated vesicles (CCVs) and undergo clathrin-

mediated endocytosis (CME). The CME sorts

activated receptors to the central vacuole through

TGN/EEs and MVBs. Both constitutive endocy-

tosis and CME contribute to basal immunity and

are targeted by pathogen effectors. Arrows indi-

cate steps of the secretory (green) and the exo-

cytic (red) pathways.
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and requires the TGN/EE-resident SNARE protein VAMP721/722

(Asaoka et al., 2013; Kim et al., 2014). These findings suggest that

the TGN/EE plays a critical role in sorting and delivering of PM-

localized and extracellular defense proteins during immune

activation.

Multivesicular Body

MVBs are considered as late endosomes in plants. The limiting

membrane of MVB invaginates to form vesicles within its lumen.

These intraluminal vesicles can be delivered to the extracellular

space as defense-cargo-containing exosomes upon fusion with

the PM (Contento and Bassham, 2012). MVBs have been

suggested as carriers of defense molecules and responsible

for exosome accumulation during fungal invasion in barley

based on electron microscopy observations (An et al., 2006a,

2006b). This hypothesis is supported by the recent finding that

infection in Arabidopsis by the virulent bacterial pathogen

Pseudomonas syringae pv. tomato strain DC3000 (Pst DC3000)

promotes biogenesis of MVBs and exosome-like paramural ves-

icles (Wang et al., 2014a). This process requiresMAPK (MPK3/6)-

dependent phosphorylation of LYST-Interacting Protein 5 (LIP5),

a positive regulator of MVB biogenesis. A loss of LIP5 function

largely compromised basal resistance to PstDC3000, suggesting

an essential role of induced-MVB biogenesis and exosome

accumulation in basal resistance (Wang et al., 2014a). The

Thordal-Christensen group demonstrated in barley that MVBs

are trafficked to the penetration site prior to the formation of the

cell-wall apposition called papilla during infection by the barley

powdery mildew pathogen Blumeria graminis. They further

showed that the MVB-resident ARF GTPase, ARFA1b/1c, is crit-

ical for callose deposition and penetration resistance (Bohlenius

et al., 2010). Callose deposition is mediated by a callose

synthase that is encoded by Powdery Mildew Resistance 4

(PMR4). PMR4 localizes to the PM and intracellular vesicles
(Vaten et al., 2011; Xie et al., 2012; Ellinger et al.,

2013) but redistributes to attempted penetration sites and EHM

during fungal infection in Arabidopsis (Meyer et al., 2009). The

involvement of MVBs in callose deposition indicates that PMR4

redistribution may occur through MVB-mediated exocytosis

that targets fungal invasion sites. Consistently, a recent study in

Nicotiana benthamiana showed that, during infection by the oo-

mycete pathogen Phytophthora infestans, which causes late

blight, trafficking of late endosomes is diverted toward the

EHM, where some immune-related late endosome cargo, such

as RLKs, accumulate (Bozkurt et al., 2015).

Exocyst Positive Organelle

Another type of vesicle that is likely to carry defense cargo and

contributes to the secretory defense is the double-membrane

organelle, EXPO, which is uniquely labeled by components

of the exocyst complex, including Exo70A1, Exo70B1, and

Exo70E2 (Wang et al., 2010). The exocyst complex is required

for the tethering of secretory vesicles to the PM at the early

stage of exocytosis (Hsu et al., 2004). EXPOs are distinct from

TGN/EEs and MVBs and mediate non-classical protein

secretion (Wang et al., 2010). Exo70B1 and Exo70B2 have

been reported to be necessary for PTI induction and resistance

against various pathogens in Arabidopsis (Pecenkova et al.,

2011; Stegmann et al., 2012, 2013). The barley exocyst

component HvExo70F-like was also reported to be critical for

penetration resistance against B. graminis (Ostertag et al.,

2013). Intriguingly, Exo70B1 was recently found to be guarded

by the NLR receptor, TN2, and a loss of Exo70B1 function

activates TN2-mediated ETI in Arabidopsis. This finding suggests

that adapted pathogens may have evolved effectors to target

the plant exocyst complex to suppress basal defense (Zhao

et al., 2015). Indeed, the RXLR-effector AVR1 produced by

P. infestans was recently shown to target the potato exocyst
Molecular Plant --, 1–10, -- 2017 ª The Author 2017. 3
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component Sec5. Silencing of Sec5 homologs inN. benthamiana

disrupted SA-induced PR-1 secretion and pathogen-induced

callose deposition (Du et al., 2015).

Both MVBs and EXPOs have been proposed to fuse with the PM

and release exosomes to the extracellular space. Plant exo-

somes were recently purified from the apoplastic fluid of Arabi-

dopsis leaves, and their contents were highly enriched with

proteins functioning in abiotic and biotic stress responses

(Rutter and Innes, 2017). It was proposed that these defense

molecules discharge when the exosome membrane bursts

(Wang et al., 2010); but how this process is regulated in plants

is still unclear.

Actin Cytoskeleton

The cytoskeleton provides tracks for the transport of secretory

vesicles, and is a key factor in regulating directional secretion.

In plants, movement of membrane organelles relies heavily on

the dynamic actin network and the actin motor protein myosin

XI (Cai et al., 2014). Rapid rearrangement of the actin

cytoskeleton toward pathogen penetration sites is one of the

earliest cellular responses during defense activation (Day et al.,

2011). The Staiger group showed that inhibition of the actin

depolymerization factor and the capping protein is key for

PAMP-triggered actin remodeling in Arabidopsis during PTI

(Henty-Ridilla et al., 2014; Li et al., 2015). Meanwhile, the Wei

group showed that simultaneous knocking out of four myosin

XI homologs in Arabidopsis prevents actin reorganization

and polarized delivery of membrane vesicles and defense

compounds, leading to impaired penetration resistance and

enhanced susceptibility to both adapted and non-adapted

fungal pathogens (Yang et al., 2014).
Regulators of Secretory Trafficking during Defense

As discussed above, vesicle trafficking is controlled by specific

sets of regulatory machinery, including ARF and Rab small

GTPases, tethering factors, and SNAREs. Extensive studies

have pointed to intimate involvement of these trafficking regula-

tors throughout the process of secretion-dependent immune

activation.

Small GTPases

The Arabidopsis genome encodes eight Rab subfamilies (A–H)

(Rutherford and Moore, 2002). RabA1 group members are

involved in transport between the TGN/EE and the PM (Asaoka

et al., 2013). A dominant-negative form of RabA1b inhibited the

PM targeting of Flagellin-Sensitive 2 (FLS2), the plant receptor

for flagellin, suggesting a role for secretion in presentation of

PRRs at the PM (Choi et al., 2013). Expression of another

Rab, RabA4c, is significantly upregulated in response to

various biotic stresses, implying a positive role in immunity.

Consistently, overexpression of RabA4c caused complete

penetration resistance to the powdery mildew fungal pathogen

Golovinomyces cichoracearum. This enhanced resistance is

due to increased callose deposition at penetration loci and

requires direct interaction between RabA4c and the callose

synthase PMR4 at the PM (Ellinger et al., 2014). RabE1d is

distributed on both Golgi and PM, suggesting a role in

regulating post-Golgi secretion. Indeed, expression of a constitu-

tively active form of RabE1d activated secretion of proteins,

including the antimicrobial protein, PR1, and enhanced resis-

tance against Pst DC3000 (Speth et al., 2009). Interestingly,
4 Molecular Plant --, 1–10, -- 2017 ª The Author 2017.
a Pst DC3000 effector protein, AvrPto, was found to specifically

interact with only the RabE subfamily members, including

RabE1d, suggesting that AvrPto targets RabE-dependent secre-

tory events to compromise basal resistance (Speth et al., 2009).

Similarly, p27 replication protein from red clover necrotic

mosaic virus hijacks Golgi-localized ARF1 and blocks cellular

trafficking, which allows efficient viral RNA replication in tobacco

BY-2 cells (Hyodo et al., 2013, 2014). A barley Golgi-localized

ARF GTPase activating protein (ARF-GAP) was also identified

as a target of fungal effectors, and the Arabidopsis homolog of

this ARF-GAP is required for penetration resistance to the non-

adapted powdery mildew fungus Erysiphe pisi (Schmidt et al.,

2014).

Tethering Factors

The tethering factor Conserved Oligomeric Golgi (COG) was re-

ported to contribute significantly to basal immune responses.

The COG complex resides onGolgi and is essential for retrograde

trafficking at Golgi (Ungar et al., 2006; Vasile et al., 2006).

Transient gene silencing of multiple individual components of

the COG complex in barley resulted in significantly enhanced

susceptibility to B. graminis. Consistently, a COG-interacting

Rab protein, HvYPT1-like, is also required for barley penetration

resistance against B. graminis (Ostertag et al., 2013).

The exocyst complex is the essential tethering factor for exocy-

tosis and plays an essential role in secretory defense as

discussed above. In addition, it also facilitates symbiotic interac-

tions. For example, Exo70I was shown to be required for symbi-

otic association with arbuscular mycorrhizae (AM) in Medicago

truncatula. Exo70I was detected exclusively in AM-infected

plants and specifically mediated formation of the periarbuscular

membrane by deposition of the host membrane around the

invasive fungal arbuscule hyphae (Zhang et al., 2015). Another

tethering complex, HOPS, coordinates the establishment of

Rhizobium–legume symbiosis. In Medicago root nodules,

expression levels of two vacuole-localized HOPS components

are downregulated. This leads to host vacuole contraction to

accommodate symbiosome expansion (Gavrin et al., 2014).

SNAREs

SNARE complexes execute the final membrane fusion. An

SNARE complex comprises four SNAREs: three with a central

glutamine residue in the SNARE motif (Q-SNAREs) usually reside

on the target membrane and are also referred as t-SNAREs; and

one with a central arginine (R-SNARE) in the SNARE motif usually

resides on the transport vesicle, thus is referred as a v-SNARE.

The v-SNARE and t-SNAREs bridge and fuse the transport

vesicle and the target membrane (Saito and Ueda, 2009). After

membrane fusion, the SNARE complex is dissociated and

recycled by the N-ethylmaleimide-sensitive factor (NSF) and the

soluble NSF attachment protein (a-SNAP).

The SYP1 group Q-SNAREs mainly localize to the PM and its

member PENETRATION1 (PEN1)/SYP121 is important for pene-

tration resistance against B. graminis in Arabidopsis. PEN1 forms

an SNARE complex with SNAP33 and VAMP721/722 to direct

focal secretion of defense molecules (Collins et al., 2003; Kwon

et al., 2008). Another SYP1 member, SYP123, accumulates at

the tip of growing root hairs and is necessary for polarized

trafficking of cell wall components and induced systemic

resistance triggered by rhizobacteria in Arabidopsis (Rodriguez-

Furlan et al., 2016). SYP132 appears to be central for multiple
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defense responses because silencing of a SYP132 ortholog in

N. benthamiana resulted in impaired basal resistance, ETI, and

SAR (Kalde et al., 2007). The SYP4 group Q-SNAREs (SYP41/

42/43) localize to TGN/EEs. The Arabidopsis syp42 syp43

double mutant is defective in both secretory and vacuolar

transport pathways and fails to restrict hyphal branching of

E. pisi (Uemura et al., 2012). The SYP7 group is a plant-specific

subfamily of SNAREs and amember of this group from Arabidop-

sis was shown to localize to the PM, suggesting a role in the

secretory pathway (Suwastika et al., 2008). Virus-induced gene

silencing of all SYP71 homologs inwheat resulted in susceptibility

to stripe rust disease caused by the fungus Puccinia striiformis

(Liu et al., 2016). In contrast to the above examples, the

Arabidopsis Golgi-localized SNARE protein, MEMB12, plays

a negative role in defense. During bacterial infection, MEMB12

activity is downregulated by Argonaute 2-regulated and

miRNA393*-mediated silencing, which contributes to secretion

of PR1 and antibacterial immunity (Zhang et al., 2011).

Evidence suggests that SNAREs have also been co-opted in

establishing compatible interactions with pathogenic nema-

todes. In a resistant soybean cultivar Rhg1, hyperaccumulation

of a dysfunctional variant of a-SNAP disrupted vesicle trafficking

at the feeding site of soybean cyst nematode (SCN) and resulted

in demise of the biotrophic interface (Bayless et al., 2016). The

Rhg1 locus provides one of the most important soybean-

resistant mechanisms to the SCN.
ROLESOF THEENDOCYTICPATHWAY IN
IMMUNITY

The endocytic trafficking pathway is at the intersection of host im-

munity andmicrobial pathogenesis. It is employed not only by the

host to regulate immune responses but also by adapted oomy-

cete and fungal pathogens to deliver their effector proteins to pro-

mote virulence (Kale and Tyler, 2011).
Constitutive Endocytosis

Diverse types of PM proteins, including PRRs, undergo constitu-

tive endocytosis. In the absence of its ligand, FLS2 in Arabidopsis

distributes in dedicated PM nanodomains and constitutively re-

cycles between the PM and endosomal compartments via a bre-

feldin A (BFA)-sensitive endocytic pathway (Beck et al., 2012;

Bucherl et al., 2017). BFA is a fungal toxin that blocks the

activity of plant ARF-GEFs and inhibits recycling of endosomes.

MIN7 is such an ARF-GEF target of BFA in Arabidopsis and local-

izes to the TGN/EE (Tanaka et al., 2009). Blocking constitutive

endocytosis by either BFA treatment or disruption of MIN7

allowed a Pst DC3000 strain lacking the functionally redundant

effectors AvrE and HopM1 to proliferate, suggesting that

constitutive endocytosis contributes to plant basal resistance

and that the virulence function of these effectors is to inhibit

constitutive endocytosis (Nomura et al., 2006). HopM1 also

targets MIN7, but unlike BFA, it does so through proteasome-

mediated degradation (Nomura et al., 2006). The biological

consequence of this degradation has recently been shown to

be the establishment of an aqueous apoplast environment

essential for bacterial virulence (Xin et al., 2016). How the

HopM1-mediated degradation of MIN7 and inhibition of constitu-

tive endocytosis lead to the ‘‘water-soaking’’ condition in the
apoplast is an interesting question. The answer may come from

a seemingly unrelated study by Zhou et al. (2015), which

showed that induction of plant defense by SA in darkness

caused a severe loss in plant fresh weight that was not

observed in plants grown under a light-dark cycle. This likely

involves SA-mediated repression of water transport genes,

including several that encode aquaporins, a defense strategy

against pathogens like Pst DC3000 (Zhou et al., 2015). It is

possible that TGN/EE-localized MIN7 affects distribution of PM

aquaporins through membrane recycling and HopM1 may affect

apoplast water availability by perturbing trafficking of these water

transporters. Supporting this hypothesis, the TGN/EE-localized

SNARE complex SYP61-SYP121 has been shown to coordinate

the delivery of aquaporin PIP2;7 to the PM and modulates mem-

brane water permeability (Hachez et al., 2014).
Clathrin-Mediated Endocytosis

In contrast to constitutive endocytosis of the ligand-free FLS2,

ligand-bound FLS2 is internalized from PM nanodomains into

clathrin-coated vesicles (CCVs) through clathrin-mediated endo-

cytosis (CME) in a BFA-insensitive manner (Beck et al., 2012;

Mbengue et al., 2016). This process is mediated by three

clathrin heavy chains and three clathrin light chains, which self-

polymerize to form a triskelion on the PM to pinch off CCVs.

CME appears to be a common trafficking pathway for plant de-

fense signaling as it is also required for internalization and activity

of other PRRs, such as EF-TURECEPTOR (EFR), the danger pep-

tide receptor PEPR1, and likely the lysin motif-containing recep-

tor-like kinase LYK5 (Mbengue et al., 2016; Ortiz-Morea et al.,

2016; Erwig et al., 2017). In addition, the PM-localized recep-

tor-like protein Cf-4, which confers race-specific resistance

against the leaf mold fungal pathogen Cladosporium fulvum,

was shown to harbor a canonical clathrin-binding motif YXXF

and undergo endocytosis upon recognition of the pathogen

effector Avr4 in a transient expression assay (Postma et al.,

2016). Receptor internalization is thought to be critical for both

signal transduction and quenching (Geldner and Robatzek,

2008; Murphy et al., 2009; Ben Khaled et al., 2015).

Dynamins are important regulators of CME and catalyze the

scission and release of CCVs from the PM. Mutating Dynamin-

Related Protein 2B (DRP2B) in Arabidopsis impaired ligand-

induced FLS2 endocytosis and led to enhanced early PTI

responses, including increased cytosolic Ca2+ and ROS produc-

tion, but compromised late PTI outcomes including PR1 expres-

sion and resistance to PstDC3000 hrcC� (Smith et al., 2014). This

phenotype suggests a complicated role of CME-mediated inter-

nalization in the activation and termination of FLS2 signaling.

Recently, it was shown that the P. infestans effector AvR3a per-

turbs PTI responses partly by targeting DRP2B (Chaparro-

Garcia et al., 2015), supporting a positive role of CME in PTI

activation. The increased ROS production in the drp2b mutant

may be due to altered endocytosis and enhanced activity of

NADPH/respiratory burst oxidase protein D (RbohD), a major

source of ROS during plant-microbe interactions (Hao et al.,

2014).

Evidence suggests that the host CME is heavily exploited

by adapted powdery mildew pathogens during compatible inter-

action. Three out of four characterized Arabidopsis enhanced
Molecular Plant --, 1–10, -- 2017 ª The Author 2017. 5
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disease resistance (edr) mutants against G. cichoracearum

carry mutations in genes that are potentially involved in CME.

EDR3 encodes Dynamin-Related Protein 1E (DRP1E) (Tang

et al., 2006). EDR4 forms a complex with EDR1 and Clathrin

Heavy Chain 2 (CHC2) and accumulates at pathogen

penetration sites. Both edr4 and chc2 mutants displayed similar

resistance phenotypes, and edr4 was shown to be impaired in

endocytosis measured by uptake of the endocytic tracer dye

FM4-64 (Wu et al., 2015). One possibility is that edr mutants

impair host endocytosis and affect delivery of fungal pathogen

effectors. Alternatively, they may counteract pathogen-

mediated manipulation of host CME.

Late Stages of Endocytosis

Activated FLS2 is eventually sorted to intraluminal vesicles

within the MVB before being targeted to the central vacuole for

degradation and signal quenching (Beck et al., 2012; Choi

et al., 2013). Formation of intraluminal MVB vesicles is

accomplished by sequential recruitment of the Endosomal

Sorting Complex Required for Transport (ESCRT) complexes,

including ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. Subunits

of ESCRT-I, VPS37-1, and VPS28-2 in Arabidopsis are required

for MVB sorting of FLS2 and critical for flg22-triggered stomatal

closure to prevent bacterial entrance (Spallek et al., 2013). This

result suggests a role for the late-stage endocytic trafficking of

FLS2 in defense activation in addition to signal quenching and re-

ceptor degradation. A loss of function mutation in AMSH1, which

encodes the ESCRT-III-associated deubiquitinating enzyme,

leads to upregulation of SA signaling and increased pathogen

resistance (Katsiarimpa et al., 2013). However, the mechanism

that links ESCRT and SA signaling is not clear yet.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Extensive genetic and biochemical studies of different plant-

microbe interaction systems uncovered many key membrane

trafficking regulators as essential players in controlling proper

plant responses to pathogenic or beneficial microbes. Figure 1

summarizes the major membrane trafficking events initiated by

a plant cell under pathogen attack and how they may be

manipulated by pathogen effectors to promote virulence.

Despite the large body of experimental evidence accumulated

to date, our knowledge of the mechanisms that govern the

interplay between immunity and membrane trafficking is still

fragmental. To achieve a better understanding of the role of

membrane trafficking pathways during immune signaling, we

envision that future research should focus on the following

important aspects:

(1) A major question is how the secretory and endocytic

pathways in host cells are remodeled to meet immunity-

associated challenges. More specifically, what are the

signals and molecular transducers that direct the reprog-

ramming of intracellular trafficking events, and are there

defense-specific membrane trafficking regulators for

this process? One way to answer these questions is to

determine the nature and dissect the molecular composi-

tion of endomembrane vesicles involved in immune

signaling. For example, the Roger Innes’s group identified

two E3 ubiquitin ligases, KEG and ATL1, which are
6 Molecular Plant --, 1–10, -- 2017 ª The Author 2017.
involved in resistance against powderymildew pathogens

(Wawrzynska et al., 2008; Serrano et al., 2014). These E3

ligases were demonstrated to be components of the TGN/

EE and regulate multiple immune-related membrane traf-

ficking events (Gu and Innes, 2011, 2012; Serrano et al.,

2014). In addition, their E3 ligase activity is likely

regulated through phosphorylation by the EDR1 kinase

(Serrano et al., 2014). EDR1 is recruited to the TGN/EE

by KEG and ATL1 (Gu and Innes, 2011; Serrano et al.,

2014) and has been shown to play an important role in

multiple stress responses, including resistance against

powdery mildew pathogens (Frye and Innes, 1998;

Christiansen et al., 2011).

(2) Given the fundamental importance of secretion for de-

fense, it is necessary to understand the role of different

types of secretory vesicles (TGN/EEs, MVBs, and EXPOs)

in the execution of distinct immune outcomes. We also

need to further investigate the dynamics of exosomes in

the apoplastic space, the regulatory mechanism of the

exosome membrane burst, and potentially diverse func-

tions of exosome contents.

(3) The interplay between membrane trafficking and SA

signaling is also intriguing. SA not only modulates the

secretory pathway to ensure the extracellular delivery of

defense proteins (Wang et al., 2005) but also inhibits

CME independently of SA-induced defense signaling

and transcriptome reprogramming (Du et al., 2013).

However, the potential immune function and molecular

mechanism of this inhibition is not clear yet. In addition,

upregulation of SA signaling has been frequently

observed in mutants defective in both secretory and

endocytic trafficking pathways (e.g., edr1, edr2, edr4,

syp42 syp43, amsh1, and syp121 syp122), suggesting

an intrinsic link between membrane trafficking

homeostasis and SA signaling. Exploring the molecular

details of this connection may shed light on the novel

roles of SA signaling in membrane trafficking regulation

and/or elucidate unknown mechanisms of membrane

trafficking in regulating SA-dependent immunity.
FUNDING
This work is supported by grants from Tsinghua University-Peking Univer-

sity Joint Center for Life Sciences and Tsinghua University School of Life

Sciences to Y.G., and Howard Hughes Medical Institute-Gordon and

Betty Moore Foundation (through GBMF3032) and US National Institute

of Health (NIH R01-GM069594) to X.D.

ACKNOWLEDGMENTS
We thank Dr. Paul Zwack and Jonathan Motley for critical reading of the

manuscript. We also would like to thank the editors for the opportunity

to write this review and the reviewers for their useful comments. We apol-

ogize to all colleagues whose works were not cited. The authors declare

no conflict of interest.

Received: May 15, 2017

Revised: July 2, 2017

Accepted: July 3, 2017

Published: July 8, 2017

REFERENCES
An, Q., Ehlers, K., Kogel, K.H., van Bel, A.J., and Huckelhoven, R.

(2006a). Multivesicular compartments proliferate in susceptible and



Membrane Trafficking in Plant Immunity Molecular Plant

Please cite this article in press as: Gu et al., Membrane Trafficking in Plant Immunity, Molecular Plant (2017), http://dx.doi.org/10.1016/
j.molp.2017.07.001
resistant MLA12-barley leaves in response to infection by the

biotrophic powdery mildew fungus. New Phytol. 172:563–576.

An, Q., Huckelhoven, R., Kogel, K.H., and van Bel, A.J. (2006b).

Multivesicular bodies participate in a cell wall-associated defence

response in barley leaves attacked by the pathogenic powdery

mildew fungus. Cell. Microbiol. 8:1009–1019.

Asaoka, R., Uemura, T., Ito, J., Fujimoto, M., Ito, E., Ueda, T., and

Nakano, A. (2013). Arabidopsis RABA1 GTPases are involved in

transport between the trans-Golgi network and the plasma

membrane, and are required for salinity stress tolerance. Plant J.

73:240–249.

Bayless, A.M., Smith, J.M., Song, J., McMinn, P.H., Teillet, A., August,

B.K., and Bent, A.F. (2016). Disease resistance through impairment of

alpha-SNAP-NSF interaction and vesicular trafficking by soybean

Rhg1. Proc. Natl. Acad. Sci. USA 113:E7375–E7382.

Beck,M., Zhou, J., Faulkner, C.,MacLean, D., andRobatzek, S. (2012).

Spatio-temporal cellular dynamics of the Arabidopsis flagellin receptor

reveal activation status-dependent endosomal sorting. Plant Cell

24:4205–4219.

Bednarek, P., Kwon, C., and Schulze-Lefert, P. (2010). Not a peripheral

issue: secretion in plant-microbe interactions. Curr. Opin. Plant Biol.

13:378–387.

Ben Khaled, S., Postma, J., and Robatzek, S. (2015). A moving view:

subcellular trafficking processes in pattern recognition receptor-

triggered plant immunity. Annu. Rev. Phytopathol. 53:379–402.

Bigeard, J., Colcombet, J., and Hirt, H. (2015). Signaling mechanisms in

pattern-triggered immunity (PTI). Mol. Plant 8:521–539.

Bohlenius, H., Morch, S.M., Godfrey, D., Nielsen, M.E., and Thordal-

Christensen, H. (2010). The multivesicular body-localized GTPase

ARFA1b/1c is important for callose deposition and ROR2 syntaxin-

dependent preinvasive basal defense in barley. Plant Cell 22:3831–

3844.

Boller, T., and Felix, G. (2009). A renaissance of elicitors:

perception of microbe-associated molecular patterns and danger

signals by pattern-recognition receptors. Annu. Rev. Plant Biol.

60:379–406.

Bozkurt, T.O., Belhaj, K., Dagdas, Y.F., Chaparro-Garcia, A.,Wu, C.H.,

Cano, L.M., and Kamoun, S. (2015). Rerouting of plant late endocytic

trafficking toward a pathogen interface. Traffic 16:204–226.

Bucherl, C.A., Jarsch, I.K., Schudoma, C., Segonzac, C., Mbengue,

M., Robatzek, S., MacLean, D., Ott, T., and Zipfel, C. (2017). Plant

immune and growth receptors share common signalling components

but localise to distinct plasma membrane nanodomains. Elife 6

http://dx.doi.org/10.7554/eLife.25114.

Cai, C., Henty-Ridilla, J.L., Szymanski, D.B., and Staiger, C.J. (2014).

Arabidopsis myosin XI: a motor rules the tracks. Plant Physiol.

166:1359–1370.

Caplan, J.L., Kumar, A.S., Park, E., Padmanabhan, M.S., Hoban, K.,

Modla, S., Czymmek, K., and Dinesh-Kumar, S.P. (2015).

Chloroplast stromules function during innate immunity. Dev. Cell

34:45–57.

Chaparro-Garcia, A., Schwizer, S., Sklenar, J., Yoshida, K., Petre, B.,

Bos, J.I., Schornack, S., Jones, A.M., Bozkurt, T.O., and Kamoun,

S. (2015). Phytophthora infestans RXLR-WY effector AVR3a

associates with dynamin-related protein 2 required for endocytosis

of the plant pattern recognition receptor FLS2. PLoS One 10:

e0137071.

Choi, S.W., Tamaki, T., Ebine, K., Uemura, T., Ueda, T., andNakano, A.

(2013). RABA members act in distinct steps of subcellular trafficking of

the FLAGELLIN SENSING2 receptor. Plant Cell 25:1174–1187.
Christiansen, K.M., Gu, Y., Rodibaugh, N., and Innes, R.W. (2011).

Negative regulation of defence signalling pathways by the EDR1

protein kinase. Mol. Plant Pathol. 12:746–758.

Collins, N.C., Thordal-Christensen, H., Lipka, V., Bau, S., Kombrink,

E., Qiu, J.L., Huckelhoven, R., Stein, M., Freialdenhoven, A.,

Somerville, S.C., et al. (2003). SNARE-protein-mediated disease

resistance at the plant cell wall. Nature 425:973–977.

Contento, A.L., and Bassham, D.C. (2012). Structure and function of

endosomes in plant cells. J. Cell Sci. 125:3511–3518.

Cui, H., Tsuda, K., and Parker, J.E. (2015). Effector-triggered immunity:

from pathogen perception to robust defense. Annu. Rev. Plant Biol.

66:487–511.

Dacks, J.B., Peden, A.A., and Field, M.C. (2009). Evolution of specificity

in the eukaryotic endomembrane system. Int. J. Biochem. Cell Biol.

41:330–340.

Day, B., Henty, J.L., Porter, K.J., and Staiger, C.J. (2011). The

pathogen-actin connection: a platform for defense signaling in

plants. Annu. Rev. Phytopathol. 49:483–506.

Dettmer, J., Hong-Hermesdorf, A., Stierhof, Y.D., and Schumacher, K.

(2006). Vacuolar H+-ATPase activity is required for endocytic and

secretory trafficking in Arabidopsis. Plant Cell 18:715–730.

Du, Y., Tejos, R., Beck, M., Himschoot, E., Li, H., Robatzek, S.,

Vanneste, S., and Friml, J. (2013). Salicylic acid interferes with

clathrin-mediated endocytic protein trafficking. Proc. Natl. Acad. Sci.

USA 110:7946–7951.

Du, Y., Mpina, M.H., Birch, P.R., Bouwmeester, K., and Govers, F.

(2015). Phytophthora infestans RXLR effector AVR1 interacts with

exocyst component Sec5 to manipulate plant immunity. Plant

Physiol. 169:1975–1990.

Durrant, W.E., and Dong, X. (2004). Systemic acquired resistance. Annu.

Rev. Phytopathol. 42:185–209.

Ellinger, D., Naumann, M., Falter, C., Zwikowics, C., Jamrow, T.,

Manisseri, C., Somerville, S.C., and Voigt, C.A. (2013). Elevated

early callose deposition results in complete penetration resistance to

powdery mildew in Arabidopsis. Plant Physiol. 161:1433–1444.

Ellinger, D., Glockner, A., Koch, J., Naumann,M., Sturtz, V., Schutt, K.,

Manisseri, C., Somerville, S.C., and Voigt, C.A. (2014). Interaction of

the Arabidopsis GTPase RabA4c with its effector PMR4 results in

complete penetration resistance to powdery mildew. Plant Cell

26:3185–3200.

Erwig, J., Ghareeb, H., Kopischke, M., Hacke, R., Matei, A.,

Petutschnig, E., and Lipka, V. (2017). Chitin-induced and

CHITIN ELICITOR RECEPTOR KINASE1 (CERK1) phosphorylation-

dependent endocytosis of Arabidopsis thaliana LYSIN MOTIF-

CONTAINING RECEPTOR-LIKE KINASE5 (LYK5). New Phytol.

215:382–396.

Frye, C.A., and Innes, R.W. (1998). AnArabidopsismutant with enhanced

resistance to powdery mildew. Plant Cell 10:947–956.

Fujimoto, M., and Ueda, T. (2012). Conserved and plant-unique

mechanisms regulating plant post-Golgi traffic. Front. Plant Sci. 3:197.

Gavrin, A., Kaiser, B.N., Geiger, D., Tyerman, S.D., Wen, Z., Bisseling,

T., and Fedorova, E.E. (2014). Adjustment of host cells for

accommodation of symbiotic bacteria: vacuole defunctionalization,

HOPS suppression, and TIP1g retargeting in Medicago. Plant Cell

26:3809–3822.

Geldner, N., and Robatzek, S. (2008). Plant receptors go endosomal: a

moving view on signal transduction. Plant Physiol. 147:1565–1574.

Gu, Y., and Dong, X. (2015). Stromules: signal conduits for plant

immunity. Dev. Cell 34:3–4.

Gu, Y., and Innes, R.W. (2011). The KEEP ON GOING protein of

Arabidopsis recruits the ENHANCED DISEASE RESISTANCE1
Molecular Plant --, 1–10, -- 2017 ª The Author 2017. 7



Molecular Plant Membrane Trafficking in Plant Immunity

Please cite this article in press as: Gu et al., Membrane Trafficking in Plant Immunity, Molecular Plant (2017), http://dx.doi.org/10.1016/
j.molp.2017.07.001
protein to trans-Golgi network/early endosome vesicles. Plant Physiol.

155:1827–1838.

Gu, Y., and Innes, R.W. (2012). The KEEP ON GOING protein of

Arabidopsis regulates intracellular protein trafficking and is degraded

during fungal infection. Plant Cell 24:4717–4730.

Gu, Y., Zebell, S.G., Liang, Z., Wang, S., Kang, B.H., and Dong, X.

(2016). Nuclear pore permeabilization is a convergent signaling event

in effector-triggered immunity. Cell 166:1526–1538.e11.

Hachez, C., Laloux, T., Reinhardt, H., Cavez, D., Degand, H., Grefen,

C., De Rycke, R., Inze, D., Blatt, M.R., Russinova, E., et al. (2014).

Arabidopsis SNAREs SYP61 and SYP121 coordinate the trafficking

of plasma membrane aquaporin PIP2;7 to modulate the cell

membrane water permeability. Plant Cell 26:3132–3147.

Hao, H., Fan, L., Chen, T., Li, R., Li, X., He, Q., Botella, M.A., and Lin, J.

(2014). Clathrin and membrane microdomains cooperatively regulate

RbohD dynamics and activity in Arabidopsis. Plant Cell 26:1729–1745.

Henty-Ridilla, J.L., Li, J., Day, B., and Staiger, C.J. (2014). ACTIN

DEPOLYMERIZING FACTOR4 regulates actin dynamics during

innate immune signaling in Arabidopsis. Plant Cell 26:340–352.

Hsu, S.C., TerBush, D., Abraham, M., and Guo, W. (2004). The exocyst

complex in polarized exocytosis. Int. Rev. Cytol. 233:243–265.

Hyodo, K., Mine, A., Taniguchi, T., Kaido, M., Mise, K., Taniguchi, H.,

and Okuno, T. (2013). ADP ribosylation factor 1 plays an essential role

in the replication of a plant RNA virus. J. Virol. 87:163–176.

Hyodo, K., Kaido, M., and Okuno, T. (2014). Traffic jam on the cellular

secretory pathway generated by a replication protein from a plant

RNA virus. Plant Signal. Behav. 9:e28644.

Inada, N., and Ueda, T. (2014). Membrane trafficking pathways and their

roles in plant-microbe interactions. Plant Cell Physiol. 55:672–686.

Jones, J.D., and Dangl, J.L. (2006). The plant immune system. Nature

444:323–329.

Jones, J.D., Vance, R.E., and Dangl, J.L. (2016). Intracellular innate

immune surveillance devices in plants and animals. Science 354,

aaf6395-aaf6395.

Kalde, M., Nuhse, T.S., Findlay, K., and Peck, S.C. (2007). The syntaxin

SYP132 contributes to plant resistance against bacteria and secretion

of pathogenesis-related protein 1. Proc. Natl. Acad. Sci. USA

104:11850–11855.

Kale, S.D., and Tyler, B.M. (2011). Entry of oomycete and fungal effectors

into plant and animal host cells. Cell Microbiol. 13:1839–1848.

Katsiarimpa, A., Kalinowska, K., Anzenberger, F., Weis, C., Ostertag,

M., Tsutsumi, C., Schwechheimer, C., Brunner, F., Huckelhoven,

R., and Isono, E. (2013). The deubiquitinating enzyme AMSH1 and

the ESCRT-III subunit VPS2.1 are required for autophagic

degradation in Arabidopsis. Plant Cell 25:2236–2252.

Kim, H., O’Connell, R., Maekawa-Yoshikawa, M., Uemura, T.,

Neumann, U., and Schulze-Lefert, P. (2014). The powdery mildew

resistance protein RPW8.2 is carried on VAMP721/722 vesicles to

the extrahaustorial membrane of haustorial complexes. Plant J.

79:835–847.

Kwon, C., Neu, C., Pajonk, S., Yun, H.S., Lipka, U., Humphry, M., Bau,

S., Straus, M., Kwaaitaal, M., Rampelt, H., et al. (2008). Co-option of

a default secretory pathway for plant immune responses. Nature

451:835–840.

Li, J., Henty-Ridilla, J.L., Staiger, B.H., Day, B., and Staiger, C.J.

(2015). Capping protein integrates multiple MAMP signalling

pathways to modulate actin dynamics during plant innate immunity.

Nat. Commun. 6:7206.

Liu, M., Peng, Y., Li, H., Deng, L., Wang, X., and Kang, Z. (2016).

TaSYP71, a Qc-SNARE, contributes to wheat resistance against

Puccinia striiformis f. sp. tritici. Front. Plant Sci. 7:544.
8 Molecular Plant --, 1–10, -- 2017 ª The Author 2017.
Mbengue,M., Bourdais, G., Gervasi, F., Beck,M., Zhou, J., Spallek, T.,

Bartels, S., Boller, T., Ueda, T., Kuhn, H., et al. (2016). Clathrin-

dependent endocytosis is required for immunity mediated by pattern

recognition receptor kinases. Proc. Natl. Acad. Sci. USA 113:11034–

11039.

Meyer, D., Pajonk, S., Micali, C., O’Connell, R., and Schulze-Lefert, P.

(2009). Extracellular transport and integration of plant secretory

proteins into pathogen-induced cell wall compartments. Plant J.

57:986–999.

Murphy, J.E., Padilla, B.E., Hasdemir, B., Cottrell, G.S., and Bunnett,

N.W. (2009). Endosomes: a legitimate platform for the signaling train.

Proc. Natl. Acad. Sci. USA 106:17615–17622.

Niihama, M., Takemoto, N., Hashiguchi, Y., Tasaka, M., and Morita,

M.T. (2009). ZIP genes encode proteins involved in membrane

trafficking of the TGN-PVC/vacuoles. Plant Cell Physiol. 50:2057–

2068.

Nomura, K., Debroy, S., Lee, Y.H., Pumplin, N., Jones, J., and He, S.Y.

(2006). A bacterial virulence protein suppresses host innate immunity

to cause plant disease. Science 313:220–223.

Ortiz-Morea, F.A., Savatin, D.V., Dejonghe, W., Kumar, R., Luo, Y.,

Adamowski, M., Van den Begin, J., Dressano, K., Pereira de

Oliveira, G., Zhao, X., et al. (2016). Danger-associated peptide

signaling in Arabidopsis requires clathrin. Proc. Natl. Acad. Sci. USA

113:11028–11033.

Ostertag, M., Stammler, J., Douchkov, D., Eichmann, R., and

Huckelhoven, R. (2013). The conserved oligomeric Golgi complex is

involved in penetration resistance of barley to the barley powdery

mildew fungus. Mol. Plant Pathol. 14:230–240.

Pecenkova, T., Hala, M., Kulich, I., Kocourkova, D., Drdova, E.,

Fendrych, M., Toupalova, H., and Zarsky, V. (2011). The role for

the exocyst complex subunits Exo70B2 and Exo70H1 in the plant-

pathogen interaction. J. Exp. Bot. 62:2107–2116.

Postma, J., Liebrand, T.W., Bi, G., Evrard, A., Bye, R.R., Mbengue, M.,

Kuhn, H., Joosten, M.H., and Robatzek, S. (2016). Avr4 promotes Cf-

4 receptor-like protein association with the BAK1/SERK3 receptor-like

kinase to initiate receptor endocytosis and plant immunity. New Phytol.

210:627–642.

Rodriguez-Furlan, C., Salinas-Grenet, H., Sandoval, O., Recabarren,

C., Arrano-Salinas, P., Soto-Alvear, S., Orellana, A., and Blanco-

Herrera, F. (2016). The root hair specific syp123 regulates the

localization of cell wall components and contributes to rizhobacterial

priming of induced systemic resistance. Front. Plant Sci. 7:1081.

Rojo, E., Gillmor, C.S., Kovaleva, V., Somerville, C.R., and Raikhel,

N.V. (2001). VACUOLELESS1 is an essential gene required for

vacuole formation and morphogenesis in Arabidopsis. Dev. Cell

1:303–310.

Rojo, E., Zouhar, J., Kovaleva, V., Hong, S., and Raikhel, N.V. (2003).

The AtC-VPS protein complex is localized to the tonoplast and the

prevacuolar compartment in Arabidopsis. Mol. Biol. Cell 14:361–369.

Rutherford, S., and Moore, I. (2002). The Arabidopsis Rab GTPase

family: another enigma variation. Curr. Opin. Plant Biol. 5:518–528.

Rutter, B.D., and Innes, R.W. (2017). Extracellular vesicles isolated from

the leaf apoplast carry stress-response proteins. Plant Physiol.

173:728–741.

Saito, C., and Ueda, T. (2009). Chapter 4: functions of RAB and SNARE

proteins in plant life. Int. Rev. Cell Mol. Biol. 274:183–233.

Schmidt, S.M., Kuhn, H., Micali, C., Liller, C., Kwaaitaal, M., and

Panstruga, R. (2014). Interaction of a Blumeria graminis f. sp. hordei

effector candidate with a barley ARF-GAP suggests that host vesicle

trafficking is a fungal pathogenicity target. Mol. Plant Pathol.

15:535–549.



Membrane Trafficking in Plant Immunity Molecular Plant

Please cite this article in press as: Gu et al., Membrane Trafficking in Plant Immunity, Molecular Plant (2017), http://dx.doi.org/10.1016/
j.molp.2017.07.001
Seals, D.F., Eitzen, G., Margolis, N., Wickner, W.T., and Price, A.

(2000). A Ypt/Rab effector complex containing the Sec1 homolog

Vps33p is required for homotypic vacuole fusion. Proc. Natl. Acad.

Sci. USA 97:9402–9407.

Serrano, I., Gu, Y., Qi, D., Dubiella, U., and Innes, R.W. (2014). The

Arabidopsis EDR1 protein kinase negatively regulates the ATL1 E3

ubiquitin ligase to suppress cell death. Plant Cell 26:4532–4546.

Smith, J.M., Leslie, M.E., Robinson, S.J., Korasick, D.A., Zhang, T.,

Backues, S.K., Cornish, P.V., Koo, A.J., Bednarek, S.Y., and

Heese, A. (2014). Loss of Arabidopsis thaliana Dynamin-Related

Protein 2B reveals separation of innate immune signaling pathways.

PLoS Pathog. 10:e1004578.

Spallek, T., Beck, M., Ben Khaled, S., Salomon, S., Bourdais, G.,

Schellmann, S., and Robatzek, S. (2013). ESCRT-I mediates FLS2

endosomal sorting and plant immunity. PLoS Genet. 9:e1004035.

Speth, E.B., Imboden, L., Hauck, P., and He, S.Y. (2009). Subcellular

localization and functional analysis of the Arabidopsis GTPase RabE.

Plant Physiol. 149:1824–1837.

Stegmann, M., Anderson, R.G., Ichimura, K., Pecenkova, T., Reuter,

P., Zarsky, V., McDowell, J.M., Shirasu, K., and Trujillo, M. (2012).

The ubiquitin ligase PUB22 targets a subunit of the exocyst complex

required for PAMP-triggered responses in Arabidopsis. Plant Cell

24:4703–4716.

Stegmann, M., Anderson, R.G., Westphal, L., Rosahl, S., McDowell,

J.M., and Trujillo, M. (2013). The exocyst subunit Exo70B1 is

involved in the immune response of Arabidopsis thaliana to different

pathogens and cell death. Plant Signal. Behav. 8:e27421.

Suwastika, I.N., Uemura, T., Shiina, T., Sato, M.H., and Takeyasu, K.

(2008). SYP71, a plant-specific Qc-SNARE protein, reveals dual

localization to the plasma membrane and the endoplasmic reticulum

in Arabidopsis. Cell Struct. Funct. 33:185–192.

Tanaka, H., Kitakura, S., De Rycke, R., De Groodt, R., and

Friml, J. (2009). Fluorescence imaging-based screen identifies

ARF GEF component of early endosomal trafficking. Curr. Biol.

19:391–397.

Tang, D., Ade, J., Frye, C.A., and Innes, R.W. (2006). A mutation in the

GTP hydrolysis site of Arabidopsis dynamin-related protein 1E

confers enhanced cell death in response to powdery mildew

infection. Plant J. 47:75–84.

Tao, Y., Xie, Z., Chen, W., Glazebrook, J., Chang, H.S., Han, B.,

Zhu, T., Zou, G., and Katagiri, F. (2003). Quantitative nature of

Arabidopsis responses during compatible and incompatible

interactions with the bacterial pathogen Pseudomonas syringae.

Plant Cell 15:317–330.

Thomma, B.P., Nurnberger, T., and Joosten, M.H. (2011). Of PAMPs

and effectors: the blurred PTI-ETI dichotomy. Plant Cell 23:4–15.

Toruno, T.Y., Stergiopoulos, I., and Coaker, G. (2016). Plant-pathogen

effectors: cellular probes interfering with plant defenses in spatial and

temporal manners. Annu. Rev. Phytopathol. 54:419–441.

Tsuda, K., Sato, M., Stoddard, T., Glazebrook, J., and Katagiri, F.

(2009). Network properties of robust immunity in plants. PLoS Genet.

5:e1000772.

Uemura, T., Kim, H., Saito, C., Ebine, K., Ueda, T., Schulze-Lefert, P.,

and Nakano, A. (2012). Qa-SNAREs localized to the trans-Golgi

network regulate multiple transport pathways and extracellular

disease resistance in plants. Proc. Natl. Acad. Sci. USA 109:1784–

1789.

Ungar, D., Oka, T., Krieger, M., and Hughson, F.M. (2006). Retrograde

transport on the COG railway. Trends Cell Biol. 16:113–120.

Vasile, E., Oka, T., Ericsson, M., Nakamura, N., and Krieger, M. (2006).

IntraGolgi distribution of the conserved oligomeric Golgi (COG)

complex. Exp. Cell Res. 312:3132–3141.
Vaten, A., Dettmer, J., Wu, S., Stierhof, Y.D., Miyashima, S., Yadav,

S.R., Roberts, C.J., Campilho, A., Bulone, V., Lichtenberger, R.,

et al. (2011). Callose biosynthesis regulates symplastic trafficking

during root development. Dev. Cell 21:1144–1155.

Viotti, C., Bubeck, J., Stierhof, Y.D., Krebs, M., Langhans, M., van den

Berg,W., van Dongen, W., Richter, S., Geldner, N., Takano, J., et al.

(2010). Endocytic and secretory traffic in Arabidopsis merge in the

trans-Golgi network/early endosome, an independent and highly

dynamic organelle. Plant Cell 22:1344–1357.

Wang, D., Weaver, N.D., Kesarwani, M., and Dong, X. (2005). Induction

of protein secretory pathway is required for systemic acquired

resistance. Science 308:1036–1040.

Wang, W., Wen, Y., Berkey, R., and Xiao, S. (2009). Specific targeting of

theArabidopsis resistance protein RPW8.2 to the interfacial membrane

encasing the fungal Haustorium renders broad-spectrum resistance to

powdery mildew. Plant Cell 21:2898–2913.

Wang, J., Ding, Y., Wang, J., Hillmer, S., Miao, Y., Lo, S.W., Wang, X.,

Robinson, D.G., and Jiang, L. (2010). EXPO, an exocyst-positive

organelle distinct from multivesicular endosomes and autophagosomes,

mediates cytosol to cell wall exocytosis in Arabidopsis and tobacco

cells. Plant Cell 22:4009–4030.

Wang, F., Shang, Y., Fan, B., Yu, J.Q., andChen, Z. (2014a). Arabidopsis

LIP5, a positive regulator of multivesicular body biogenesis, is a critical

target of pathogen-responsive MAPK cascade in plant basal defense.

PLoS Pathog. 10:e1004243.

Wang, S., Gu, Y., Zebell, S.G., Anderson, L.K., Wang, W., Mohan, R.,

and Dong, X. (2014b). A noncanonical role for the CKI-RB-E2F cell-

cycle signaling pathway in plant effector-triggered immunity. Cell

Host Microbe 16:787–794.

Wang, W.M., Liu, P.Q., Xu, Y.J., and Xiao, S. (2016). Protein trafficking

during plant innate immunity. J. Integr. Plant Biol. 58:284–298.

Wawrzynska, A., Christiansen, K.M., Lan, Y., Rodibaugh, N.L., and

Innes, R.W. (2008). Powdery mildew resistance conferred by loss of

the ENHANCED DISEASE RESISTANCE1 protein kinase is

suppressed by a missense mutation in KEEP ON GOING, a regulator

of abscisic acid signaling. Plant Physiol. 148:1510–1522.

Wu, G., Liu, S., Zhao, Y., Wang, W., Kong, Z., and Tang, D. (2015).

ENHANCED DISEASE RESISTANCE4 associates with CLATHRIN

HEAVY CHAIN2 and modulates plant immunity by regulating

relocation of EDR1 in Arabidopsis. Plant Cell 27:857–873.

Xie, B., Deng, Y., Kanaoka, M.M., Okada, K., and Hong, Z. (2012).

Expression of Arabidopsis callose synthase 5 results in callose

accumulation and cell wall permeability alteration. Plant Sci.

183:1–8.

Xin, X.F., Nomura, K., Aung, K., Velasquez, A.C., Yao, J., Boutrot, F.,

Chang, J.H., Zipfel, C., and He, S.Y. (2016). Bacteria establish an

aqueous living space in plants crucial for virulence. Nature

539:524–529.

Yang, L., Qin, L., Liu, G., Peremyslov, V.V., Dolja, V.V., and Wei, Y.

(2014). Myosins XI modulate host cellular responses and penetration

resistance to fungal pathogens. Proc. Natl. Acad. Sci. USA

111:13996–14001.

Zavaliev, R., Levy, A., Gera, A., and Epel, B.L. (2013). Subcellular

dynamics and role of Arabidopsis beta-1,3-glucanases in cell-to-cell

movement of tobamoviruses. Mol. Plant Microbe Interact. 26:1016–

1030.

Zhang, X., Zhao, H., Gao, S., Wang, W.C., Katiyar-Agarwal, S.,

Huang, H.D., Raikhel, N., and Jin, H. (2011). Arabidopsis

Argonaute 2 regulates innate immunity via miRNA393(*)-mediated

silencing of a Golgi-localized SNARE gene, MEMB12. Mol. Cell

42:356–366.
Molecular Plant --, 1–10, -- 2017 ª The Author 2017. 9



Molecular Plant Membrane Trafficking in Plant Immunity

Please cite this article in press as: Gu et al., Membrane Trafficking in Plant Immunity, Molecular Plant (2017), http://dx.doi.org/10.1016/
j.molp.2017.07.001
Zhang, X., Pumplin, N., Ivanov, S., and Harrison, M.J. (2015). EXO70I is

required for development of a sub-domain of the periarbuscular

membrane during arbuscular mycorrhizal symbiosis. Curr. Biol.

25:2189–2195.

Zhao, T., Rui, L., Li, J., Nishimura, M.T., Vogel, J.P., Liu, N., Liu, S.,

Zhao, Y., Dangl, J.L., and Tang, D. (2015). A truncated NLR protein,
10 Molecular Plant --, 1–10, -- 2017 ª The Author 2017.
TIR-NBS2, is required for activated defense responses in the

exo70B1 mutant. PLoS Genet. 11:e1004945.

Zhou, M., Wang, W., Karapetyan, S., Mwimba, M., Marques, J.,

Buchler, N.E., and Dong, X. (2015). Redox rhythm reinforces

the circadian clock to gate immune response. Nature 523:

472–476.


